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FOREWORD

The seismic design guidelines manual was developed to meet one of the

objectives for earthquake hazards reduction measures as promulgated

by the Earthquake Hazards Reduction Act of 1977 (Public Law 95-124).

The objective is the development and implementation of a technologi-

cally and economically feasible, improved design and construction meth-

ods and practices in areas of seismicrisk toprovide earthquake resistant

structures which are especially needed in time of disaster. é——_~_ EedTiAL

FALILITES

This guideline manual provides the latest seismic design concepts for

earthquake resistant structures by utilizing the dynamic analysis ap-

proach. The concept is for essential buildings but also includes design

provisions for high risk and irregular buildings. This manual also pro-

vides methodologies and procedures to determine site-dependent earth-

quake ground motions for sites anywhere in the United States. Two

levels of earthquake motion are considered. At the first level, the struc-

ture will be designed to remain elastic for damage control at a moderate

earthquake and at the second level, the criterion requires that the struc-

ture remains functional after a major earthquake. Also, commentary

and design examples are included to provide a comprehensive applica-

tions of the design methodologies for earthquake resistant facilities.

The general direction and detailed development of this manual was
under the supervision and guidance of the Office of the Chief of Engi-
neers, Headquarters, Department of the Army, Washington, DC and
necessary coordination was maintained with the Naval Facilities En-
gineering Command, Headquarters, Department of the Navy, Washing-
ton, DC and Directorate of Engineering and Services, Headquarters,
Department of the Air Force, Washington, DC.
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CHAPTER 1
GENERAL

1-1. Purpose and scope.

a. Purpose. This manual prescribes criteria
and furnishes guidelines for the design of es-
sential buildings, high-risk buildings, and other
structures that may require analytical proce-
dures that are beyond the scope of TM 5-809—
10/NAVFAC P-355/AFM 88-3, chapter 13, “Seis-
mic Design for Buildings.” Methodologies and
procedures are given for determining site-de-
pendent ground motion and for the dynamic
analysis of buildings. These criteria apply to all
elements responsible for design of military con-
struction located in seismic regions. This man-
ual is a supplement to TM 5-809-10/NAVFAC
P-355/AFM 88-3, chapter 13, referred to herein
as the Basic Design Manual. TM2oq -~

b. Scope. Approval from DAEN-ECE-D
(Army), NAVFAC Code 04BA (Navy), or HQ
USAF/LEEE (Air Force) is required for the use
of this manual as an alternative requirement to
applicable provisions of the Basic Design Man-
ual. This manual is for guidance in the design
of buildings and other structures housing es-
sential mission-oriented facilities and those that
are vitally needed for post-disaster recovery that
require continuous operation during and after
an earthquake. This manual may also be used
for guidance in the design of buildings that are
classified in a high-risk category; buildings that
are irregular in shape, size, and configuration
that require consideration of the dynamic char-
acteristics of the structure; and all other build-
ings as an alternative to the equivalent lateral
static force procedure for determination and
distribution of seismic forces. These guidelines
encompass: (1) assessment of the seismic haz-
ard at the site; and (2) seismic design of the
structural and nonstructural systems for new
buildings and other structures. The problems
relating to earthquake-induced ground failure
(e.g., liquefaction) are already stated in Basic
Design Manual paragraph 2-7 and will not be
covered in this manual. Alterations or evalua-
tions of existing structures are not specifically
covered by this manual; however, the principles
and guidelines contained herein may be adapted
for such use.

c. Seismic hazardrisk levels. Seismic ground
motion input for two risk levels is specified in
chapter 3 for the prescribed structural perform-
ance criteria in chapter 4. The selected risk lev-
els of the two earthquakes (EQ-I and EQ-II)

are based on DOD standards; however, the risk
levels may be revised, as warranted, by approval
authorities.

d. Classification of structures.

(1) Hazardous critical facilities. These fa-
cilities (e.g., nuclear power plants, dams, and
LNG facilities) are not included within the scope
of this manual, but are covered by other publi-
cations or regulatory agencies. For any facilities
housing hazardous items not covered by criteria,
advice should be sought from DAEN-ECE-D
(Army), NAVFAC Code 04BA (Navy), or HQ
USAF/LEEE (Air Force).

(2) Essential facilities. These are struc-
tures housing facilities that are necessary for
post-disaster recovery and require continuous
operation during and after an earthquake. This
includes facilities where damage from an earth-
quake may cause significant loss of strategic and
general communications and disaster response
capability. This category also includes facilities
serving an essential military function that must
not be disrupted. Typical examples are listed in
the Basic Design Manual, paragraph 3-oa.

(3) High-risk. This classification includes
those structures where primary occupancy is for
assembly of a large number of people; where the
primary use is for people that are confined; or
where services are provided to a large area or
large number of other buildings. Buildings in
this classification may suffer limited damage in
a large earthquake, but are recognized as war-
ranting a higher level of safety than the average
building. Typical examples are listed in the Basic
Design Manual, paragraph 3-5b.

(4) Allothers. The provisions of this man-
ual may be used for irregular buildings or as an
option for all other buildings not covered by the
above paragraphs only with the consent of the
approval authority.

1-2. Background.

a. Expectations. Current seismic design cri-
teria, such as prescribed by the Basic Design
Manual, consist of specified equivalent lateral
static forces that are resisted by the designed
structural systems. Structures designed in con-
formance with such provisions and principles
are expected to be able to: (1) resist minor
earthquakes without damage; (2) resist mod-
erate earthquakes without structural dam-
age, but with some nonstructural damage; and

1-1
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(3) resist major or severe earthquakes without
major failure of the building or its component
members and equipment, and to maintain life
safety. For most structures, even in a major
earthquake, structural damage should be lim-
ited to repairable damage. It is also recognized
that for certain critical facilities, particularly
those essential to public safety and well-being
in case of emergency, criteria should be avail-
able to the designer that will permit design of
a facility that will remain operational during
and after an earthquake.

b. Lessons learned. Recent earthquakes have
demonstrated that the existing seismic design
requirements, as they have been implemented,
are not necessarily adequate to insure contin-
ued operation of critical facilities vitally needed
after a major earthquake, such as hospitals, fire
stations, and communications centers. There-
fore, there is a need for a more realistic ap-
proach to seismic-resistant design for buildings
that must remain continuously functional after
a major earthquake.

¢. Recent developments. Earthquake engi-
neering research and data collected from ground
motion instrumentations and earthquake-caused
building responses during the last two decades
have greatly increased knowledge in geotechni-
cal fields and have presented a clearer under-
standing of the performance of materials and
structural elements. Therefore, practicing en-
gineers are able to become familiar with meth-
ods of dynamic analysis as they are exposed to
new design procedures by means of technical
publications, conferences, and continuing edu-
cation programs.

d. Design philosophy. One way of attempt-
ing to reduce the risk of earthquake damage to
buildings is by imposing a higher design force
coefficient, such as an I-factor of 1.5, for essen-
tial facilities. This is not always a sufficient or
satisfactory approach to seismic design. In-
creasing the design forces by 50 percent may be

insignificant if a major earthquake results in’

demands several times the design capacity. On
the basis of current knowledge, it appears that
a two-level (or two-phase) approach to design
will give better insight to postulated behavior
of structures. In this procedure, geotechnical data
and probabilistic techniques are used to postu-
late the motion for two earthquakes: (1) the
maximum probable earthquake, which is likely
to occur one or more times during the life of the
building (e.g., an earthquake with a 50-percent
chance of being exceeded in 50 years); and (2)
the maximum theoretical earthquake that can
occur at the site, but has a low probability of

1-2
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occurring during the life of the building (e.g.,
10-percent chance of being exceeded in 100 years).
In the first phase of the procedure, the building
is structurally designed to resist the lower level
earthquake within prescribed bounds of elastic-
linear procedures. In the second phase of the
procedure, the building is analyzed for its re-
sponse to the higher level earthquake by means
of procedures that account for inelastic behav-
ior, ductility demands, potential instability, and
damage control. These guidelines are intended
to insure that essential facilities will be capable
of resisting the two levels of earthquake ground
motion as follows: (1) for ground motion as-
sociated with the maximum probable earth-
quake, only minor damage, if any, will occur and
the facilities will not have any loss of function;
and (2) for ground motion associated with the
maximum theoretical earthquake, no cata-
strophic failures will occur, damage will be re-
pairable, and essential facilities will remain
functional. The definitions and the methodology
for determining these earthquakes are covered
in chapter 3. The criteria and procedures for
design are covered in chapters 4 and 5.

1-3. Preparation of project documents.

a. Design analysis. A design analysis con-
forming to agency standards will be provided
with final plans. This design analysis will include
seismic design computations for the determi-
nation of ground motion charateristics, for the
determination of dynamic characteristics of the
structure, for the stresses in the lateral-force-
resisting elements and their connections, and
for the resulting lateral deflections and inters-
tory drifts. The first portion of the Design Anal-
ysis, called the Basis of Design, will contain the
following specific information:

(1) A statement on the methodology used
for determining the ground motion criteria, and
a description of the response spectra for which
the structure will be designed.

(2) A description of the structural system
selected for resisting lateral forces and a dis-
cussion of the reasons for its selection. A sym-
metrically configured lateral resisting framing
system, without vertical irregularities, will be
required. However, if irregular conditions are
unavoidable, a statement describing special
analytical procedures to account for the irreg-
ularities will be submitted for review and ap-
proval by the approval authority.

(3) Astatementregarding compliance with
this manual, including a list of the values se-
lected for damping and maximum inelastic de-
mand ratios for critical structural elements.
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CHAPTER 2
INTRODUCTION TO SEISMIC ANALYSIS

2-1. Introduction.

This chapter provides an introduction to the basic
_concepts of dynamic analysis for buildings re-
sponding to the ground motions caused by
earthquakes. General guidance is given in the
selection and use of various procedures for the
design of structural systems.

2-2. General.

An earthquake causes vibratory ground mo-
tions at the base of a structure and the structure
actively responds to these motions. Seismic de-
sign involves two distinct steps: (1) determining
or estimating the forces that will act on the
structure; and (2) designing the structure to
resist these forces and to keep deflections within
prescribed limits.

a. Determination of forces. There are two
general approaches to determining seismic
forces: (1) an equivalent static force procedure,
such as presented in the Basic Design Manual;
and (2) a dynamic analysis procedure. This man-
ual illustrates the dynamic analysis procedure.
Seismic forces are determined from data derived
from the specification of ground motion. These
ground motion data will generally be given in
terms of a response spectrum; however, in some
cases the data may be described in terms of a
digitized time history.

b. Design of the structure. Structures are
generally designed to resist applied forces well
within the elastic capacity of their structural
members. This is accomplished either by pre-
scribing maximum allowable working stresses
for materials, or by using a strength design con-
cept with prescribed load factors. However, for
exceptional loading conditions, such as caused
by major earthquakes, structures may be re-
quired to resist deformations that exceed the
elastic capacities of the structural elements. In
conventional methods of seismic design, it is as-
sumed that the design criteria will provide ad-
equate safety by means of load factors and special
details that provide the necessary ductility to
resist major earthquake deformations. In the
methods presented in this manual, the design
procedures will give a better insight as to the
performance of a structure when subjected to
the exceptional loading conditions of a major
earthquake. This method is generally referred
to as a two-level approach to structural design.

2-3. Ground motion caused by
earthquakes.

A general introduction to earthquake ground
motion is presented in the Basic Design Manual.
The relationship of a ground motion to the site
and an introduction to time-history and re-
sponse spectra are presented herein. A detailed
methodology for determining site-specific ground
motion characteristics is covered by chapter 3
of this manual.

a. General

(1) Ground motion is generally strongest in
the vicinity of its source (e.g., a rupturing fault),
with the severity of shaking diminishing with
an increase in distance.

(2) The predominant periods of ground mo-
tion vibration generally lengthen as distance in-
creases from the source (para 3-6f).

(3) Deep deposits of soft soils tend to pro-
duce ground surface motions having predomi-
nantly long period characteristics.

(4) Deposits of stiff soils or rock result in
ground motions having predominantly short pe-
riod characteristics.

b. Time history. The basic measurement of
earthquake ground motion is the accelerogram
record taken by seismometers. When these in-
strument records are properly corrected for
elimination of recording noise and for base line
adjustment, a primary data base for seismic load
specifications is provided. Data banks of past
earthquake records from all parts of the world
are readily accessible from earthquake research
centers. A typical seismometer station provides
records of two orthogonal horizontal motions
and one vertical motion, as illustrated in figure
2_1. The corresponding processed accelero-
grams are intended to be the best representa-
tion of the actual ground acceleration at the
recording site. For a given component, the time
derivative relations between ground displace-
ment, x(t); velocity x(t); and acceleration, X(t),
allow the presentation of each of these motion
histories, as shown in figure 2-2. The maximum
or peak values of displacement (PGD), velocity
(PGV), and acceleration (PGA) provide the most
elementary and popular measures of an earth-
quake’s severity. Duration (or bracketed dura-
tion) of strong motion is also an important
measure, but it is not explicitly used in design
criteria at the present time.
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U.s. Government Printing Office, 1971.

Figure 2-1. Recorded acceleration at ground level for three components of motion.
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Figure 2-2. Ground acceleration and integrated ground velocity and displacement curves.

2-3



TM 5-809-10-1/NAVFAC P-355.1/AFM 88-3, Chapter 13, Section A

¢. Response spectra. For design purposes, it
would be ideal to forecast the acceleration time
history of a future earthquake having a given
hazard of occurrence. However, the complex
random nature of an accelerogram makes it nec-
essary to employ a more general characteriza-
tion of ground motion. Specifically, the most
practical representation is the earthquake re-
sponse spectrum. This spectrum is used not only
to describe the intensity and vibration fre-
quency content of accelerograms, but also the
most important advantage is that spectra from

27 February 1986

several records can be normalized, averaged, and
then scaled according to seismicity to predict
future ground motion at a given site. The phys-
ical definition of an acceleration response spec-
trum is shown in figure 2-3. A set of linear elastic
single-degree-of-freedom (SDOF) systems hav-
ing a common damping ratio, B, but each having
different harmonic periods over the range O, T,
T, etc. is subjected to a given ground motion
accelerogram. The entire time history of accel-
eration response is found for each system, and

SYSTEM
1" ACCELERAT/ON
[? RESPONSE

the corresponding maximum value, S, is plotted
. GROUND

- ACCE(ERATION

LINEAR SNOF

SIVEN RAMPING RATIO /5.

AND

WITH RANGE OF NATURAL

_PERIONS 0,7, Ty..

ACCELERATION
ACCELERATION
RESPONSE
.rpecr@uM\} ——— = { S GA
o ."I MAX.
U ' ' °
MAX. lgrd / GROUND
_- 7P 4ccecerocram
T, t ™
My ™
?
PERION / d Tisme
" SYSTem
] RESPONJSE
’ . FOR Tl

IYSTEM

. RESPONSE
FOR T,

US Army Corps of Engineers

Figure 2-3. Description of acceleration response spectrum.
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on the period axis for each system period. The
curve connecting these S, values is the accel-
eration response spectrum for the given acce-
lerogram and damping ratio. Actual spectra for
the transverse (north) accelerogram of figure
2-1 are shown for several damping ratios in fig-
ure 2-4. A smoothed individual spectrum (fig 2-
. 4b), or averages of multiple record spectra, is
employed as the seismic load input for the dy-
namic analysis of structures. Note that the S,

2.0

—
o
L

—
.

SPECTRAL ACCELERATION, g

Damping =
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curve provides the maximum response value for
any given system period, T.

2—-4. Site effects.

a. Response spectrum shape. Response spec-
tra shapes are determined largely by empirical
data. Time history records of past earthquakes
are used to construct response spectra. As the
data bank increases, average trends can be ob-
served with respect to the general shape of re-
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VAN NUYS HOLIDAY
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4 {
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o T <t R g T ~1 T ————— T Sy e 4 - e
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US Army Corps of Engineers

Figure 2-4. Response spectra from recorded ground acceleration shown in figure 2-1. -
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sponse spectra curves. When these data are
catalogued in terms of tectonic region, event in-
tensity, distance, and site characteristics, spe-
cific response spectra shapes can then be
developed that represent the conditions of par-
ticular sites. Procedures for developing re-
sponse spectra are covered in chapter 3, and
illustrative examples are included in appendix D.

b. Soil column. Site soil characteristics can
be used to develop a mathematical model of a
soil column at a building site. For a postulated
bedrock earthquake, analytical procedures can
be used to calculate the soil column’s effect on
the ground motion at the surface or the base of
a structure. These results can be used either to
calculate the shape of the response spectrum of
these particular conditions, or used directly for
time history analysis of the structure.

¢. Foundation design. All inertia forces
originating from the masses on the structure
must be transmitted to and from the lateral-
force-resisting elements, to the base of the
structure, and into the ground. Foundations must
be designed to provide stability for response due
to maximum seismic ground motion. It should
also be noted that the type, size, and depth of a
foundation system can have an effect on a struc-
ture’s response to seismic motion and that the
actual seismic input is a series of reversing load
cycles.

2-5. Dynamic analysis of structures.

Structures that are keyed into the ground and
extend vertically some distance above the ground
act either as simple or complex oscillators when
subjected to earthquake-caused ground motion.
Simple oscillators are represented by single-de-
gree-of-freedom (SDOF) systems, and complex
oscillators are represented by multi-degree-of-
freedom (MDOF) systems. When a structure’s
base is suddenly moved by earthquake ground
motion, the upper part of the structure will not
respond instantaneously, but will lag behind be-
cause of the structure’s inertial resistance and
flexibility. This concept is illustrated in the Basic
Design Manual, paragraph 2-4. As time pro-
gresses during an earthquake, the structure’s
various natural modes of vibration will be ex-
cited to peak amplitudes of motion as described
by the response spectrum (para 2-3c).

a. Single-degree-of-freedom system. One
fundamental system that is investigated by dy-
namic analysis is the simple oscillator or SDOF
system, as shown in figure 2-5. Represented by
a single lump of mass on the upper end of a
vertically cantilevered pole or by a mass sup-
ported by two columns (part a of fig 2-5), this
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system is used in textbooks to illustrate prin-
ciples of dynamics. It represents two kinds of
real buildings: (1) a single-column structure with
a relatively large mass at its top; and (2) a sin-
gle-story frame structure with flexible columns
and rigid roof system. In the idealized system,
the mass (M) represents the weight (W) of the
system divided by the acceleration of gravity (g)
(M = W/g). The pole or columns represent the
stiffness (K) of the system, which is a ratio equal
to a horizontal force (F) applied to the mass
divided by the displacement (§) resulting from
that force (K = F/8).If the mass is deflected and
then quickly released, it will freely vibrate at a
certain frequency, which is called its natural
freuency of vibration. The period of vibration
(T), which is the inverse of the frequency of
vibration, is the time taken for the mass to move
through one complete cycle (i.e., from one side
to the other and back again (part b of fig 2-5).
The period is equal to 2=V M/K. In an ideal sys-
tem having no damping (g = 0), the displaced
system described above would vibrate forever.
In a real system where there is some damping,
the amplitude of motion will decrease for each
cycle until the structure stops oscillating and
comes to rest (part c of fig 2-5). The greater the
damping, the sooner the structure comes to rest.
The amount of damping is defined in terms of a
ratio, or percentage, of critical damping. If the
structure has damping equal to 100 percent of
critical damping (B = 1.0), the displaced struc-
ture will come to rest without crossing the ini-
tial point of zero displacement. If oscillating
motion is applied to the base of the system, the
SDOF system will be forced to vibrate. If the
oscillating motion at the base is at a period equal,
or nearly equal, to the period of the SDOF sys-
tem, the motion of the mass will amplify until
it is substantially greater than the motion at the
base. This condition is called resonance. The
lower the value of g, the higher the amplifica-
tion.

b. Multi-degree-of-freedom systems. Multi-
story buildings are analyzed as MDOF systems
as shown in figure 2-6. They can be represented
by lumped masses attached at intervals along
the length of a vertically cantilevered pole (part
a of fig 2-6). Each mass can be deflected in one
direction or another; for example, all masses
may simultaneously deflect in the same direc-
tion (the fundamental mode of vibration), or
some masses may go to the left while others are
going to the right (higher modes of vibration).
An idealized system, such as shown in part a of
figure 2-6, has a number of modes equal to the
number of masses. Each mode has its own nat-
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Figure 2-6. Multi-degree-of-freedom system.

ural modal period of vibration with a unique
mode shape being formed by a line connecting
the deflected masses (part b of fig 2-6). When
oscillating motion is applied to the base of the
multi-mass system, these masses move. The de-
flected shape is a combination of all the mode
shapes; but modes having periods that are near,
or equal to, predominant periods of the base
motion will be amplified more than the other
modes. Illustrative examples of MDOF systems
are included in appendix E.

¢. Multi-mode response to ground mo-
tion. Each mode of an MDOF system can be
represented by an equivalent SDOF system hav-
ing a normalized mass (M*) and stiffness (K*)
where the period equals 2nV' M*/K* (M* and K*
are functions of mode shapes, mass, and stiff-
ness). This concept, as shown in figure 2-17, pro-
vides the computational basis for using site
specific earthquake response spectra based on
SDOF systems for analyzing multi-storied build-
ings. With the period, mode shape, mass distri-
bution, and response spectrum, one can compute
the deflected shape, story accelerations, forces,
and overturning moments. Using the response
spectrum method on MDOF systems requires
analyzing each predominant mode separately.
Results of each individual modal analysis must
then be combined in order to analyze the multi-
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mode system. For many buildings, the partici-
pation of the higher modes is negligible in re-
lation to the participation of the fundamental
modes of vibration. However, for tall, long-pe-
riod, and irregular buildings, the second, third,
and, possibly, higher modes may have a sub-
stantial effect. The amount of higher mode par-
ticipation depends on both the building’s modal
characteristics and the amplitude-period char-
acteristics of the response spectrum. Assuming
that several modes are significant, one must se-
lect an appropriate method of combining the re-
sults of the several modes. One method is simply
to add up the effects of each mode (absolute
sum). This is an overly conservative approach
because the response spectrum gives the peak
response of each mode, and different modes reach
their peak amplitudes at different times during
the earthquake. Since the spectrum gives only
the maximum values and the time of occurrence
is unknown, some approximate method of mode
combination must be used. The method most
commonly employed is to combine the modes by
the square-root-of-the-sum-of-the-squares
(SRSS) of the peak response of each mode (this
is analogous to a vector sum). This offers a rea-
sonable value between the upper bound as the
absolute sum of the modes and the lower bound
as the maximum value of a single mode. To il-
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lustrate the multi-mode analysis of multi-sto-
ried buildings, two examples are given. Figure
2-8 shows design response spectra that are used

27 February 1986

for modal analysis examples of a 30-story build-
ing and a 7-story building.
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Figure 2-8. Design response spectra for examples in figures 2-9 and 2-10.
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(1) Thirty-story building. The example in
figure 2-9 summarizes the results of a modal
analysis of a structural framing system that
represents one principal axis of a 30-story build-
ing. The fundamental period of vibration is 3.0

TM 5-809-10-1/NAVFAC P-355.1/AFM 88-3, Chapter 13, Section A

seconds. The periods of the second and third
modes-of vibration are 1.00 seconds and 0.56 sec-
onds, respectively. From the response spectrum
curve in figure 2-8, which represents 5 percent
of critical damping (B = 0.05), it is determined
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Figure 2-9. Sample modal analysis of a 30-story building.
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that the second mode spectral acceleration
(0.240g) is triple that of the first mode spectral
acceleration (0.080g), and that the third mode
spectral acceleration (0.45g) is over 5 times that
of the first mode spectral acceleration. On the
basis of mode shapes and modal participation
factors (chap 5), modal story displacements, ac-
celerations, forces, shears, and overturning mo-
ments can be determined. For ease of comparison
to the 7-story example (para (2) below), the 30-
story building is compacted to seven lumped
masses, each representing four stories. Back-up
data for this example are included in appendix
E (design example E-1). The modal analysis
procedure is covered in chapter 5.

(a) Diagram (a) of figure 2-9 shows the
modal displacements. Note that the funda-
mental mode (first mode) predominates, while
second and third mode displacements are rela-
tively insignificant. The SRSS combination does
not differ greatly from the fundamental mode.

(b) Diagram (b) shows story accelera-
tions. Inthisform, the second and third modes
do play a significant role in the structure’s max-
imum response. While the shape of an individual
mode is the same for displacements and accel-
erations, accelerations are proportional to dis-
placements divided by the squared value of the
modal period, which accounts for the greater
accelerations from the higher modes. The shape
of the SRSS combination of the accelerations is
substantially different from shapes of any of
the individual modes because it accounts for the
predominance of the various modes at different
story levels. Note that the maximum accelera-
tions on stories 5 through 25 do not vary by more
than 10 percent from the mean value, indicating
that the maximum acceleration felt at most floor
levels is fairly constant. However, these maxi-
mum values would not occur simultaneously or
with the same period content.

(c) Diagram (c) shows story forces whose
values are obtained by multiplying the story ac-
celeration by the story mass (or weight). The
shapes of diagram (c) curves are quite similar
to the shapes of diagram (b) curves because the
building mass is essentially uniform.

(d) Diagram (d) shows story shears,
which are a summation of the modal story forces
in diagram (c). The higher modes become less
significant in relation to the first mode because
the forces tend to cancel each other due to the
reversal of direction. Except for the top stories,
the SRSS values do not differ substantially from
the first mode values.

(e) Diagram (e) of figure 2-9 shows the
building overturning moments. Again, the
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higher modes become somewhat insignificant
because of the reversal of force directions. The
SRSS curve is essentially equal to the first mode
curve at the lower stories of the building.

(2) Seven-story building. The example in
figure 2-10 summarizes the results of a modal
analysis of a structural framing system that
represents one principal axis of a 7-story build-
ing. Back-up data for this example are included
in appendix E (design example E-1). The pe-
riods of vibration are roughly 30 percent of the
periods of the 30-story building (fig 2-9); pe-
riods of the first, second, and third modes being
0.880 seconds, 0.288 seconds, and 0.164 seconds,
respectively. From the 5-percent damped re-
sponse spectrum (B8 = 0.05) of figure 2-8, both
the second and third mode spectral accelera-
tions (0.500g) are 80 percent greater than the
first mode spectral acceleration (0.276g).

(3) Comparisons. Bycomparing figures 2—
9 and 2-10, it can be seen that the influences of
the second and third modes in relation to the
first mode are larger for the 30-story building
than for the 7-story building. For taller build-
ings with longer periods of vibration, the influ-
ences of the higher modes may become larger,
and participation of additional modes of vibra-
tion (e.g., fourth and fifth modes) may become
significant.

d. Response of irregular buildings. When
buildings are eccentric or have areas of discon-
tinuity or other irregularities, the behavioral
characteristic are very complex; whereas build-
ings with symmetrical shape, stiffness, and mass
distribution and with vertical continuity and
uniformity behave in a fairly predictable man-
ner. In addition to the single axis of response
shown in figures 2-9 and 2-10, the torsional re-
sponse (twisting about a vertical axis) as well
as the interaction or coupling of the two trans-
lational directions (longitudinal and transverse
axis) of response must be considered. For ex-
ample, the predominant motion may be skewed
from the apparent principal axis. This is some-
what analogous to a Mohr’s circle for principal
stresses. Thus, three-dimensional methods of
analysis are required and each mode shape is
defined in three dimensions by the longitudinal
movement, the transverse movement, and the
angle of rotation. In addition to complicating
the method of analysis, building irregularities
complicate the methods used to combine modes.
Methods such as SRSS may not be appropriate
for some three-dimensional methods of dynamic
analysis. Procedures for performing three-di-
mensional analyses are covered in chapter 5.

e. Inelastic-nonlinear response. In order to
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Figure 2-10. Sample modal analysis of a 7-story building.
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estimate the behavior of a structure that may
be subjected to a major, damaging-type earth-
quake, it is necessary to investigate its inelastic
response characteristics and capacity. The gen-
eral procedures discussed in paragraphs a
through d above are on the basis of elastic-lin-
ear distortions of the building’s structural ele-
ments. When one major structural element
begins to yield, changes will begin to occur in
the structure’s behavioral characteristics. For
example, force distribution, periods of vibra-
tion, and mode shapes will be altered as parts
of various elements yield. Dynamic analysis pro-
cedures for nonlinear systems can be very com-
plex, requiring step-by-step, time-history-forcing-
functions, and inelastic force-distortion prop-
erties of all the structural elements and their
connections. However, approximate methods
have been developed that give rough approxi-
mations as to the inelastic response or capacity
of structures. Post-yield analysis procedures are
discussed in chapter 5 and illustrative examples
are included in appendix E.

2-6. Nonstructural elements.

Elements that are housed in the building, as well
as portions of the building that are not part of
the structural system, must also be investigated
for their response to earthquake motion. These
elements are generally categorized as architec-
tural, mechanical, or electrical (refer to Basic
Design Manual, chaps 9 and 10).

a. Elements attached to floors of build-
ings. These elements (e.g., mechanical equip-
ment, free-standing partitions, storage racks,
suspended fixtures) respond to floor motion in
much the same manner as a building responds
to ground motion. However, the floor motion
may vary substantially from the ground motion.
The high-frequency components that make the
ground motion complex tend to be filtered out
at the higher floor levels, while the components
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of motion corresponding to the building’s nat-
ural periods of vibration tend to be magnified.
In other words, a response spectrum of a build-
ing’s floor motion will have predominant peaks
at the participating periods of the building. If
elements are rigid and rigidly attached to the
structure, the maximum accelerations will be
the same as the maximum floor accelerations,
such as those shown in the SRSS curve of dia-
gram (b) in figures 2-9 and 2-10. But, if the
elements are flexible and have periods of vibra-
tion close to any of the predominant building
vibration modes, these elements will experience
accelerations substantially greater than the floor
accelerations. Generally, a time-history analy-
sis is required to determine the peak response
of flexible or flexibly attached equipment at up-
per levels of a building. A time-history of the
ground motion is used to calculate a time-his-
tory of the floor motion. The floor motion time-
history is then used to construct a floor response
spectra. This procedure is illustrated in figure
2-11. In chapter 6, an approximate method is
shown for constructing design floor response
spectra. Illustrative examples are included in
appendix F.

b. Elements attached to adjacent floors.
Elements extending vertically from floor to floor
(e.g., full-height partitions, exterior panels, pip-
ing) will be subjected to two types of dynamic
motion. One type is the response motion de-
scribed in paragraph a above. The other type is
due to the distortion resulting from the inters-
tory displacements between two adjacent story
levels. Interstory displacements for each mode
can be obtained by finding the difference be-
tween adjacent modal lateral story displace-
ments (diagram (a) in figs 2-9 and 2-10).
Interstory displacements for a multi-mode sys-
tem can be approximated by combining the modal
interstory displacements by the SRSS or other
methods.
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Figure 2-11. Response of flexibly-mounted equipment in buildings.
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CHAPTER 3
SPECIFICATION OF GROUND MOTION

Section |

3—1. Introduction.

The purpose of this chapter is to describe the
‘methodologies for determining site dependent
earthquake ground motions for sites anywhere
in the United States. The objective is to develop
design parameters from the available informa-
tion and seismic ground motion. The principal
method of describing these ground motions will
be in the form of acceleration response spectra
for input in the dynamic analysis of a given
structure.

a. Selected method of description. There are
several methods of arriving at a description of
future earthquake loading. These are described
briefly along with their advantages .and disad-
vantages in appendix C, paragraph C-3. The
method employing an attenuated site severity
factor (such as peak ground acceleration, PGA)
which is used to scale a normalized site spectral
shape (Dynamic Amplification Factor, DAF) is
judged to be the most appropriate and practical
input for the dynamic analysis of building struc-
tures and therefore will be the principal method
for thismanual. However, this empirical method
may be supplemented by available results from
the other methods; particularly any findings from
a site soil column response study, as described
in appendix C, paragraph C-3.

b. Procedures. The following selection pro-
cedures will be followed for the evaluation of
site dependent earthquake ground motions, (see
fig 3-1). These procedures are dependent upon
three conditions: the geotectonic regions of the
Western United States (WUS) and the Eastern
United States (EUS) as defined in paragraph 3—
4a, the proximity of seismic sources, and the site
soil conditions as described in table 3-5.

(1) For sites located within 20 kilometers
from a fault or area source in the WUS, or within
a tectonic province in the EUS, where the source
or province has a maximum local magnitude of
6.0 or greater, the detailed procedures of para-
graphs 3-3 through 3-7 will be considered and
employed as directed by the responsible agency.

(2) Forsitesineither the WUS or EUS hav-
ing normal site soil conditions conforming to
the description of soil profile types S, or S, as

Nothing in this chapter will prevent substantiated alter-
native methods or time history procedures if approved by
the agency command.

BASIC STEPS FOR SPECIFICATION OF GROUND MOTION

described in table 3-5 and having locations out-
side of the limits of paragraph 3-1b(1), the ATC
3-06 method of section III, paragraph 3-8 of this
manual may be used.

(3) Forsitesinthe WUS having exceptional
soil conditions conforming to the soil descrip-
tion of soil profile S; as described in table 3-5,
the selection of the corresponding site specific
response spectrum shape will consider and em-
ploy the recommendations of paragraphs 3-6¢(3)
or 3-6£(3) as directed by the responsible agency.
If this WUS site location is outside of the limits
of paragraph 3-1b(1), then the selected spec-
trum shape may be scaled by the appropriate
site acceleration coefficient A, given in paragraph
3-8. '

(4) Forsitesinthe EUS having the soil con-
ditions conforming to soil profile S; and outside
of the limits of paragraph 3-1b(1), the method
of paragraph 3-8 may be used.

(5) In all cases where methods other than
those of paragraph 3-8 are employed, the re-
sults will be compared with those from para-
graph 3-8, and any significant differences will
be justified and resolved. All final recommen-
dations shall be subject to approval by the re-
sponsible agency.

¢. Scope. The scope of this part of the Man-
ual includes the description of the essential steps
and related procedures necessary for the spec-
ification of site specific ground motion. These
are listed in paragraph 3-3 for the Western
United States (WUS) and the Eastern United
States (EUS), and for the deterministic and
probabilistic procedures.

d. Current state-of-the-art. It is important
to recognize that the field of ground motion
specification is in a state of evolution. The gen-
eral steps and input variables as outlined in this
manual are reasonably well accepted by most of
the researchers and users. However, because of
the very active state of development, it is not
possible to outline a step by step procedure which
will remain the same with time as well as from
region to region. Thus, the steps outlined in this
manual are to be viewed as guidelines rather
than as one universally accepted and recom-
mended procedure.

e. Format of results. Various methods for
the evaluation of the level of ground motion and
its time history or frequency content are de-

3-1
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Western United States (WUS)

Source to Site Surface Distance

| I I1
Soil
T 20 Kilometers More than
ype or less* 20 Kilometers
Sl or Site Specific Hazard ATC 3-06 Method
Analysis
5 (para 3-3 to 3-7) (para  3-8)
S, ’ Same as above Site Specific Spectra
Development (para 3-6).
Site Specific Hazard
Analysis not Required.

* [f line fault or area source, then source must have maximum Mmax

greater than 6.0, otherwise use Column II.

Eastern United States (EUS)

Soil I II
Type Within a province A1l regions
having M__ > 6.0 ather than in
Column I

S. or Site Specific Hazard ATC 3-06 Method
Analysis ara 3-8)
52 (para 3-3 to 3-7) (»

S3 Same as above Same as above

US Army Corps of Engineers
Figure 3-1. Selection procedure.
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scribed in appendix C, paragraph C-3. Of all these
methods, the empirical method consisting of an
PGA scaling factor for ground motion severity
at a given risk level, and an effective DAF spec-
tral shape, has been selected for the typical con-
ditions and design objectives of this manual. An
effective response spectrum will be specified for
each of the two levels of structural perform-
ance. Unless specified by the appropriate agency
the acceptable risk of exceedance will corre-
spond to:

(1) A fifty percent risk of exceedance in fifty
years (EQ-I), and

(2) A ten percent risk of exceedance in one
hundred years, (EQ-II).
Table 3-1 shows the relationship between the
exposure time (or economic life of the facility),
the probability of exceedance and the return pe-
riod.

TM 5-809-10—1/NAVFAC P-355.1/AFM 88-3, Chapter 13, Section A

3-2. Definition of Terms, Glossary, and
Symbols.

The methodologies of determining ground mo-
tion are based on the following disciplines: ge-
ology, seismology, dynamics and vibrations,
probability and statistics. Because of this rather
extensive range of subject matter, it is neces-
sary to provide both symbols and a glossary of
terms used in this manual along with the related
terminology commonly used in the references
and necessary bibliography. These are given in
appendix A, Symbols and Notations; and in the
Glossary.

3-3. General Overview of Seismic Hazard
Analysis and Specification of Ground
Motion.

For engineering design and planning purposes,
the future earthquake loadings at a site of in-
terest must be known. The procedures and steps

Table 3-1. Return period as a function of exposure time and probability of non-exceedance

Exposure Time
Years 10 20 30 40 50 | 100
"Hazard" or
Probability of
exceeding
%
5 195 390 585 780 975 1950
10 95 190 285 390 475 950
20 45 90 135 180 225 449
30 29 57 84 113 140 281
40 20 40 59 79 98 196
50 15 29 44 58 72 145
60 11 22 33 44 55 110
70 9 17 25 34 42 84
80 7 13 19 25 31 63
90 5 9 14 18 22 44
95 4 7 11 14 18 34
99 3 5 7 9 11 22
99.5 2 4 6 8 10 19

Us Ammy Corps of Engineers
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for estimating this future loading comes under
the general category of seismic hazard analysis.
It should be recognized that there are two dif-
ferent approaches: deterministic and probabi-
listic. Deterministic approaches do not take into
account the uncertainty in the size, the location,
and the frequency of seismic events. Probabilis-
ticapproachesincorporate uncertainty in all the
above quantities. An overview of the procedures
for deterministic and probabilistic approaches
is given in this paragraph. Steps are outlined by
means of flow diagrams and illustrative for-
mats. These are shown in figure 3-2 for the two
main tectonic regions; the Western United States
(WUS) and the Eastern United States (EUS).
a. Algorithm of Basic Steps of Seismic Hazard
Analysis. Various earthquake severity param-
eters at the source and site are described in ap-
pendix C, paragraph C-1. The particular

27 February 1986

parameters (such as magnitude, intensity, and
spectra) to be employed are dependent upon the
type of information available to the analyst and
the needs of the designer. The procedures and
the models selected depend on the type, quan-
tity, and quality of information as well as the
goal of the analysis. The general procedures for
evaluating seismic ground motion in the West-
ern United States do not differ greatly from those
in the Eastern United States. However, since
the tectonic setting and the available seismic
information varies greatly between those two
geographic regions, the elements of the proce-
dures are different. A discussion related to se-
lection of deterministic or probabilistic
procedures will be given in paragraph 3-3c. The
five basic steps required for the evaluation of a
site specific seismic ground motion are described
below (see fig 3-3). The-region-specific flow dia-

Seismic Hazard Analysis

Procedure (See Figure 3-3)

WESTERN UNITED STATES
(See Figures 3-4 and 3-5)

DETERMINISTIC
PROCEDURE

PROBABILISTIC
PROCEDURE

US Ammy Corps of Engineers

EASTERN UNITED STATES
(See Figures 3-6 and 3-7)

PROBABILISTIC
PROCEDURE

DETERMINISTIC
PROCEDURE

Figure 3-2. General flow diagram selection chart.
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‘ IDENTIFICATION
AND MODELING OF Step 1 (para 3-4a and 3-4b)

SEISMIC SOURCES

\

DEFINE SIZE | PROBABILISTIC _/  OBTAIN
paRaMETER | ATTROACH SOURCE
SEISMICITY | |
(para 3-3d) | DETERMINISTIC INFORMATION
APPRUACH
l
SELECT LEVEL(s) ESTIMATE LARGEST
_ OF EARTHQUAKE MAGNTTUDE
| MAGNITUDE(s) POSSIBLE FOR N f;:iall3_4c)
THE_SOURCE
SELECT MOST _____~'____:;L__‘_________
CONSERVATIVE RECURRENCE
DISTANCE FRONM RELATIONSHIP -
SOURCE TO SITE -
S — |
_______‘____:[__ SELECT FORECASTING
ATTENUATE ONE OF THE SITE MODEL FOR ?;ziallg-Ad)
SEVERITY PARAMETERS THE SOURCE
FROM SOURCE TO SITE

_ ) _ ATTENUATE THE
DEVELOP SPECTRAL SELECTED SITE
SHAPE FOR THE SEVERITY PARAMETER Step 1V
(para 3-5)
L__ SITE FROM SOURCE TO SITE. P
— Tt L_ PROBABILISTIC GROUKD
e e e — MOTION INFORMATION
FIXED SEISHIC . ]
DESIGN INPUT
CRITERIA FOR THE SITE DEVELOP EFFECTIVE RESPONSE
- - - \
SPECTRUM FOR GIVEN RISK ftep L
para 3-9)
LEVEL AND SITE CONDITION

US Ammy Corps of Engineers
Figure 3-3. General flow chart.
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grams and illustrations of related procedures
are shown in figures 34 and 3-5 for the WUS
and figures 3-6 and 3-7 for the EUS. Each figure
shows the parallel basic steps as required in the
deterministic and probabilistic procedures.

(1) Step I is to identify and model seismic
sources. The selected type and accuracy of this
modeling depends on the available geologic, geo-
tectonic, geomorphic, historic, and subjective in-

DETERMINISTIC

27 February 1986

formation from experts. The purpose of this step
is to assemble the information required to de-
lineate faults and regions within which seismic
activity can be considered homogeneous. See
paragraph 3-4b for a detailed discussion and ap-
pendix D for examples.

(2) Step II is to define the size or severity
parameter of the seismic event at the source and
the related recurrence relation. The size will be

PROBABILISTIC

Selection of Earthquake

Data Base Data Base

Selection of Earthquake

J
Identify and Mcdel

Seismic Sources

Step I:ridentify and Model
Seismic Sources

Earthquake History and
Geological Information

v

Determine Largest Earthquake

fcr Ezch Source

Adjust Data Base

Unit System: I, my. M. M

Incompleteness in Racords

Use: Zarthquexe His%tory and

Zeclogizal Information

!
!
|

Select Ground Mo<ion

Step I1I:Determine Recurrence
Relationship for each

Tp 3 .

Selsmic Source.c-(./.s.?f!ma_x

Earthquake History and

Geological Information

Atlzenuation Relationship

Determine PGA at Site

Step IIT:Select Probadbilis<ic
Mocel for Earthquake Occurencd

due to Largest event on
Zach Source and Using

Srortzst Distance | Step IV:Select

Ground Motion

Jse Largest PGA
as Design Level

i

Use this Largest FGA to
Scale the Appropriate Site
Pesponse Spectrum Shape

Attenuation Relationship

Strong Motion Records in
Similar Tectonic Setting

y

Determine Probability of
Exceedence of Different
PCA Levels: Hazard Curve

Earthquake Occurence Model
and Attenuation Relationship

1

Determine PGA Level
Corresponding to Specified
Probability of Exceedence

Type of Facility and
Acceptable Risk

[

Step V:Select Appropriate
Response Spectrum Shape;
Anchor at PCA Level

Regional Attenuation Effects
and Site Soil Conditions

US Armmy Corps of Fngineers

Figure 34. Flow diagram for the Western United States.
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DETERMINISTIC

ATTENUATION

USE ATTENUATIOH 70
DETERMINE MAX!2UM
EGE AT SITE

USE MAXIMUM PGy

TO SCALE APFROFRIATE
SPECTHUN FOR S1TE

SITE KESFOHLE SPECTRUM

US Ammy Corps of Engineers
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FROBABILISTIC

l.l * IITICTIVE
DISTANCE

Step I

SOURCE AND
ITFECTIVE DISTANCE
(PARA 3-42f1))

Step II

RECURRENCE
(PARA 3-Le(1))

SELECT FPROBABILISTIC

FORECASTING MODEL
(PARA 3-4¢)

(Kot Illustrated)

Step II1

AFCA

Step IV

ATTENUATION
(PARA 3-5¢)

AP(FCA > FGa,)

{PCA,

SITE HAZARD CURVE
(PARA 3-44)

J a

Step V

Su=(PCAI)(DAP)

~

T

SITE RESPONSE SPECTRUM
(FARA 3-6)

Figure 3-5. Hazard evaluation of WUS.
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DETERMINISTIC
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Data Base

Define Tectonic
Provinces

Provinces and Model
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PROBABILISTIC
Selection of Earthquake
Data Base
|
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!

Seismic Sources
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Adjust Data Base

Select Intensity
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Unit System: I, LN ML. MS ‘
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Earthquake History and
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1

Ster IXI:Select Probabilistic
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Y
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US Army Corps of Engineers

Figure 3-6.
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FGA Levels; Hazard Curve

Earthquake Occurence Model
and Attenuation Relationshi

Y

Letermine PGA Level
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1

Step V:Select Appropriate
Response Spectrum Shape:
Arnchor at PGA Level

Regional Attenuatior Effects

and Site Soil Conditions

Flow diagram for the Eastern United States.
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DETERMINISTIC PROBABILISTIC
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Figure 3-7. Hazard evaluation of EUS.
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one of the magnitude scales (M, my,, Ms) or
epicentral intensity I, or seismic moment, M,.
The most commonly used size or severity param-
eter at the source is the Richter magnitude M.
For the deterministic approach, the frequency
(or number per unit of time) of occurrences of
various magnitude events need not be deter-
mined, and the assessment of ground motion at
a site will be governed only by the maximum
level of earthquake magnitude. For the proba-
bilistic approach, the parameters describing the
source seismicity must be obtained. This infor-
mation usually is in the form of a “recurrence
relationship,” and an upper magnitude or in-
tensity cut-off. The recurrence relationship pro-
vides information on magnitude or intensity and
the corresponding rate of occurrence or exceed-
ence of that magnitude anywhere on the source
under consideration. The upper magnitude cu-
toff consists of the largest (maximum) possible
event that the source can generate. The method
of obtaining the above information depends on
the type of region and the data base available
for the region. See appendix C, paragraph C-1
for background, paragraph 3—4c for a detailed
discussion and appendix D for examples.

(3) Step III is to project the recurrence in-
formation from regional information and past
data into forecasts concerning future occur-
rence. This step is needed in the probabilistic
approach only. The forecasting model depends
on the type and reliability of the data base. The
most commonly used forecasting model is the
Homogeneous Poisson probability model. Ho-
mogeneous implies a memory-less occurrence of
events in time and location. When this homo-
geneity in time does not appear applicable, Semi-
Markov and Markov chain models are used (see
Patwardhen et al. (Biblio 50), Vagliente (Biblio
68), Nishioka and Shah, (Biblio 45). These models
allow inclusion of memory or time since last event
and are more involved and require substantially
more information than the Poisson model. A
simple extension of the Homogeneous Poisson
model, known as the Non-homogeneous Poisson
model, may be adapted to incorporate time-
dependent information such as the rate of stress
build-up and the time since last event, see Savy
and Shah (Biblio 52). Another model, usually a
uniform probability function, may be employed
to represent the random location of event oc-
currence on the source. See paragraph 3-4d for
a detailed discussion and appendix D for ex-
amples.

(4) Step IV involves the attenuation of the
severity parameter from its location on the source
to the site. Either intensity or peak ground ac-

3-10
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celeration for a given magnitude event on the
source could be used. The selection of the pa-
rameter used for representing the severity and
the form of its attenuation relation depends on
the region where the analysis is performed and
the type of available data. See paragraph 3-5
for a detailed discussion and appendix D for ex-
amples.

(5) Step Visto represent the effects of dis-
tance, local soil conditions, the magnitude of the
seismic event, and the structural foundation size
and mass on the frequency content of the ground
motion. This is represented by the shape (DAF)
of the effective response spectrum for the site
and its formulation is described in paragraphs
3-6 and 3-7. The final specified spectrum is of
course scaled down by the forecasted site se-
verity. See paragraph 3-8¢ for examples.

b. Use of Results. This available informa-
tion on ground motion is utilized for design and/
or analysis of structures. Chapter 4 shows this
utilization for prescribed structural perform-
ance and selected risk levels.

c. Selection of Method. The deterministic
procedures as outlined in the flow diagrams are
used exclusively for those important structures
where the consequences of failure are cata-
strophic; such as nuclear power plants, liquified
natural gas facilities, and dams. These proce-
dures tend to compound conservatism (cer-
tainty of occurrence, largest magnitude and
closest distance from epicenter to the site) and
will generally result in extremely large design
requirements. For most structures, these highly
conservative design values cannot be justified
economically for use. This disadvantage of ex-
treme conservatism has actually resulted in the
adoption of probabilistic procedures even for
some critical facilities. Deterministic proce-
dures, therefore, will not be discussed further
in this manual.

d. The STASHA program. The purpose of this
manual is to provide the user with an over-all
understanding of the procedures, assumptions,
and computational methods of ground motion
hazard analysis. However, it is most important
to recognize that any actual site hazard evalu-
ation would require the use of the computer for
development of the various empirical relations
and the multiple calculations required for prob-
abilistic accuracy, and prediction uncertainties.
In order to perform these calculations in an or-
derly manner for each step of the hazard anal-
ysis, the STASHA Program has been developed
by the John A. Blume Earthquake Fngineering
Center at Stanford University. Both the user’s
manual and computer program tapes for
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STASHA are available at the Corps of Engi-
neers Office. In the text of this manual, the
STASHA Program will be referenced whenever
there is a need for extensive computational ef-
fort or for the representative examples con-
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tained in the STASHA user’s manual (Stanford
University, Technical Report No. 36). A descrip-
tion of STASHA and examples are given in ap-
pendix D.

Section ll. PROCEDURE FOR SITE SPECIFIC GROUND MOTION

*3~4. Determination of Source Seismicity.

Each of the probabilistic hazard analysis pro-
cedures as presented in paragraph 3-3, and in
figures 3—4 to 3-7 is described in this paragraph
and in the following paragraphs 3-5 to 3-8.

a. Geotectonic and seismotectonic environ-
ment. In the United States, two general re-
gions are defined which are dependent upon the
available geologic, geotectonic, geomorphic, his-
torical, and subjective expert information. It will
be shown that each of the steps for seismic haz-
ard analysis are region dependent. These re-
gions are the Western United States (WUS) and
the Central and Eastern United States (EUS).
The boundary between these regions can be de-
fined by the eastern boundary of the Rocky
Mountains, (Biblio 5).

(1) Regional Approaches. Due to the in-
herent difference in the geologic structure in
the two regions, two major approaches are used
in defining seismic sources and assessing future
seismic activity. In the Western United States
(WUS) and in many other parts of the world,
earthquakes occur on faults that extend to the
surface of the earth. However, in intraplate re-
gions, such as the Eastern United States (EUS),
this is not necessarily true, and it is difficult to
recognize and delineate active faults. The two
major approaches are (see Biblio 17):

—Active Fault Approach
—Tectonic Province Approach

(2) Procedure for each approach. Thetwo
regional approaches require different proce-
dures for seismic hazard evaluation. In the ac-
tive fault approach, seismic sources are relatively
well defined along plate boundaries or faults and,
hence, the concentration of seismic events and
the resulting level of seismicity per unit length
of the source or unit area of the source is rel-
atively high. Also, because of the definite loca-
tion of the source, the source-to-site attenuation
distances (R) for the seismic severity parame-
ters are reasonably well defined. In the tectonic
province approach, the seismicity is diffused over
a large area because no specific faults are iden-
tified. Each identified source area is assumed to
have homogeneous (uniform) seismicity, and,
therefore, the seismicity per unit area is small.

However, since the future event could occur
anywhere over the tectonic province and, there-
fore, could be very near the site, the attenuation
distances (R) can therefore be short. Also, even
though there are considerable variations in seis-
mic severity patterns in the (EUS), these are
not as well defined as in the (WUS). There is a
general smoothing effect over each entire tec-
tonic province and the boundaries between
provinces are often controversial. Also, the rel-
atively low rate of seismic activity in the East
makes the recurrence estimation over small areas
very difficult. Further, because most Eastern
events have occurred in “pre-instrument’ times,
their source severity data are in terms of the
more subjective value of intensity rather than
magnitude. Finally, the almost complete lack of
strong motion recordings makes the direct em-
pirical development of attenuation relation-
ships in terms of acceleration or velocity
impossible. However, both historical reports and
seismological studies indicate significantly lower
rates of attenuation in the EUS. A summary of
regional differences is given in figure 3-8.

b. Source modelling. Steplinseismichazard
analysisis to identify and model seismic sources.
This step depends on the following information
(see figs 3-9 and 3-12):

—Type and amount of historic seismic oc-
currence data base.

—Geologic, geotectonic, and geomorphic data
base.

—Subjective opinions of experts concerning
the seismicity of the region.

The process of source modelling provides two
essential portions of information for site hazard
analysis:

—First, the configuration of the source and
its size establishes the number and loca-
tion of seismic events for the evaluation
of source seismicity in paragraph 3—4c.

—Second, the configuration and location of
sources relative to the site determines the
attenuation distances (R) for ground mo-
tion severity in paragraph 3-5.

3-11
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MESTERN UNITED STATES _{WUS)

- Well defined sources

- Significant amounts of data in the form of historical reports.

accelerograms, and geological creep measurements.

- Attenuation data in the form of records at different distance

and soil conditions.

- Relatively high occurence rates.

- High attenuation of ground motion severity

mainly within 100 kilometers.

EASTERN UNITED STATES

(EUS)

- Vague description of source provinces.

- Some historical reports, and very few strong motion records.

- Relatively low occurence rates.

- Low attenuation of ground motion severity

with significant values at 200 to 300 kilometers.

US Army Corps of Engineers

Figure 3-8. Regional differences.

It should be mentioned that currently, the USGS
researchers are attempting to define seismic
source zones for five interior regions of the
United States, preparatory to the construction
of new national probabilistic ground motion
seismic hazard maps. The five regions are the
Great Basin, the Northern and Southern Rocky
Mountains, the Central Interior and the North
Eastern United States (see Biblio 67). Since this
work is not yet complete, this manual will de-
velop procedures based on the two regions, the
WUS and the EUS. The particular approaches
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for source identification in each region are de-
scribed as follows:

(1) Source modelling in the Western United
States. In this region (see fig 3-9), seismic
sources are identified and modelled in the fol-
lowing ways:

(a) Point source. This source charac-
terizes a small region where repeated past
earthquakes have occurred. However, no geo-
logically identifiable fault exists. Typically, the
size of the region is small compared to the dis-
tance from this source to the site. Occasionally,
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Figure 3-9. Flow chart for step I source identification and modelling for the WUS.
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OBTAIN EPICENTRAL MAP OF REGION
FROM DATA BASE, COE UP TO 1980
AND NOAA AFTER DEC. 1980

OBTAIN FAULT MAP OF REGION FROM
USCS, STATE AND/OR NRC

4

INDEPENDENT ASSESSMENT OF THE
POSSTIBLY PRESENCE OF
UNMAPPED FAULTS

T

I !

Mol KNOWKH FAULTS BY LINEAR
DIPPING PLARE SOURCES TO MATCH
THrE EPICENTRAL AND FAULT MAPS

4

—

ASSIGN LTINE SOURCE, AND POINT SOURCE
AS APPROPRIATE

_ ]

ASSIGN AREA SOURCE IF EPICENTERS
DO NOT MATCH THE KNOWN FAULTS
AND TEEN AFTER
CONSIDERING GEOLOGY

4

ASSIGN BACKGROUND SEISMIC SOURCE
FOR ALL UNASSIGNED EVENTS
(AREA SOURCE)

US Amy Corps of Engincers
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volcanic sources can be identified as point
sources.

(b) Linesources. Faulttraces are taken
as lines at a certain fixed depth below the ground
surface. In California, this depth is usually be-
tween 5 to 35 kilometers. This “active fault”
modelling approach is used wherever the tec-
tonic structure is more or less evident at the
surface.

(c) Area sources. This source model is
used when the occurrence of earthquakes in a
region cannot be correlated with known faults
or the geologic structure of the region. There
are also cases where the number of small faults,

or a source of clustered activity, may be consid-_

ered together as an area source.

(d) Dipping plane. This source model is
used when one geologic plate thrusts under an-
other plate so as to create a distributed source
of earthquakes. This feature is called a Benioff
Zone, and can be modelled by means of dipping
planes upon which earthquakes have variable
epicentral depths. Geological conditions such as
this occur in Alaska and in Central America.

(e) Background area source. In gen-
eral, events that occur somewhat randomly
throughout the region and that cannot be as-
sociated to any fault or source are treated as
background seismicity. They are considered to
be part of a large area source with uniformly
low seismicity that extends over the area not
covered by the other sources. The earthquake
location, if not included within one of the pre-
viously defined sources, is then in the back-
ground zone to account for the possible
occurrence of the random or “floating” earth-
quake. The effect of the background zone is gen-
erally small since the contribution of the other
sources are governing the hazard. In some par-
ticular cases however, where the hazard is low,
the background contribution may be non neg-
ligible.

(f) Western source conditions. The point,
line, and area source models are shown in figure
3-10, and the dipping plane model in figure 3-
11. In source modelling, historical records and
the knowledge of geotectonic features of the
region play an important role. Due to the high
seismic activity in the Western United States,
and the relatively good geological evidence of
faults, surface rupture, and other tectonic fea-
tures, line sources are used most extensively.
Area sources are common in the Pacific North-
west. In regions such as Alaska, both dipping

3-14
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planes and line sources are used: (Biblio 41),
and (Biblio 70). An example to demonstrate as

to how sources are modelled is given in appendix
D.

(2) Source modelling in the Eastern United
States. In the Eastern United States, the tec-
tonic province approach is used (see fig 3-12).
There are various reasons for adopting such an
approach; the most important being that the
degree of fault and seismic activity in the East-
ern United States is low, resulting in very little
geologic and historic evidence. Also, in large areas
of the Eastern United States, there is a scarcity
of geologically recent deposits that would re-
cord evidence of recent fault activity. In addi-
tion, the heavy vegetation covers the faults and
prevents their detection. Finally, the recent de-
velopments of evaluating fault activity in the
(WUS) have not been applied in the east due to
excessive cost and time involvement; except in
a few regions such as New Madrid where fault-
ing evidence has been substantiated (Biblio 71).

(a) Area source configuration. One of
the key features of tectonic province approach
is to delineate these provinces as area sources
that have a uniform potential to generate earth-
quakes. Within that area, the future earthquake
activity should be homogeneous. Due to lack of
sufficient historical and geological evidence,
there is no unique and generally consistent way
of delineating these area sources. Two examples
on area source configurations for the Eastern
United States are shown in figures 3-13 and 3-
14.

(b) Using subjective input as furnished
by interviews from ten experts, Mortgat (Biblio
63 and 64), has developed homogeneous area
sources as shown in figure 3-15. With respect to
this method of using expert opinion, it is well
to recognize that experts form their objective
biases from the particular data and other geo-
logic and seismologic evidence that they may have
seen. Since most of the experts work with a sim-
ilar data and information base, the variability
in their individual source configuration is due
to their personal biases. Barstow et al (Biblio
5) have studied statistical techniques to provide
a methodology for the production of working
tectonic province and tectonic structure maps
for the Eastern and Central United States, iden-
tifying areas of uniform seismic hazard.

¢. Source seismicity. Step II in seismic haz-
ard analysis is to evaluate the seismicity of each
of the modelled source (see fig 3-16). Evalua-
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Figure 3-10. Point, line and area sources.

3-1!



TM 5-809-10-1/NAVFAC P-355.1/AFM 88-3, Chapter 13, Section A

Ruptured Zone

Lat{itude
J distance

- Shallow
\Si% - Boundary

27 February 1986

Deep
Boundary

Dipping
.Planes

Longitude
distance

Ground

TR

US Army Ccrps of Engineers

Figure 3-11. Dipping plane source.
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OBTAIN EPICENTRAL MAP
OF REGION FROM DATA BASE

HQ-USACE* UP TO 1980 AND NOAA**
“AFTER DECEMBER 1980

IDENTIFY THE TECTONIC PROVINCES
AND THE RESULTING AREA
SOURCES, INCLUDE FAULT MAP
IF AVAILABLE FROM USGS, STATE
AND/OR NRC. OBTAIN EXPERT
OPINION ON SOURCE LOCATIONS

ASSIGN BACKGROUND SEISMICITY
FOR EVENTS THAT
CANNOT BE ASSIGNED A

SPECIFIC AREA SOURCE

*  DAEN-ECE-D Washington, D.C. 20314
**  NQOAA/NGSDC/TGB
325 Broadway, mail code D-623
Boulder, CO 80303
NOTE: If at a future date, specific faults are identified, then
they can be modeled by means of 1ine or dipping plane
sources.

US Army Corps of Engineers

Figure 3-12. Flow chart for step I source identification and modelling for the EUS.
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Figure 3-13. Seismic sources after Algermisson and Perkins (1976 ).
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Reprinted from "Effects of Uncertainty in
Seismicity on Estimates of Seismic Hazard
for the East of the United States," McGuire,
R. K., Bulletin of the Seismological Society
of America, Vol. 67, No. 3, 1977, with
permission from the Seismological Society

of America.

Figure 3-14. Seismic sources after Hadley and Devine (1974).
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FOR A GIVEN SOURCE AND .
CORRESPONDING HISTORICAL PROVIDE INPUT FROM
EVENTS, PLOT MAGNITUDE EXPERT OPINION
OR INTENSITY VS INCLUDING GEOLOGICAL
FREQUENCY OF INPUT
OCCURRENCE |

SELECT AN ANALYTICAL
FORM, COMMONLY THE FROM GEOLGGICAL EXPERT

LOG-LINEAR FORM FOR '
THE RECURRENCE OPINION, ASSIGN
RELATIONSHIP AND FIT IT
T0 THE ABOVE MAXTIMUM MAGNITUDE

INFORMATION

OBTAIN NORMALIZED
RECURRENCE RELATIONSHIP

FOR THE SOURCE

REPEAT THE ABOVE
STEPS FOR ALL SOURCES

OF INTEREST

US Armyv Corps of Engineers

Figure 3-16. Flow chart for step II source seismicity and recurrence relationship for WUS and EUS.
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tion of seismicity involves the following com-
ponents:

—~Collection and processing of occurrence
data and formulation of the recurrence
relationship.

—Determination of the size of the maximum
earthquake a given source is capable of
generating.

(1) Collection of data and formulation of
the recurrence relationship. The data base for
seismic events on a given source is often incom-
plete, nonhomogeneous in time, and lacking in
refinement. The appropriate processing of this
occurrence information is very important be-
cause the reliability of results of the hazard
analysis are strongly dependent on the consist-
ency and the completeness of the input data base.
The magnitude-frequency or recurrence rela-
tionship is formulated from the number of
earthquakes that a source has generated and
their respective magnitudes. The most common
method of determining this relationship is from
historic data. Occasionally, other information
sources, such as geological evidence and slip rate
of the fault, are used to supplement this histor-
ical data base. Statistical regression analysis is
commonly used to obtain the best line fit with
the “least squared” error. Expert subjective
opinion can also be incorporated in order to sup-
plement the historical data base. The most com-
monly used magnitude-frequency relationship
1s the one suggested by Gutenberg and Richter
(Biblio 26). In this relationship, the source se-
verity parameter could be either magnitude or
epicentral intensity. The type of parameter and
the constants of the magnitude-frequency re-
lationship vary from one region to the other.
Data adjustment is usually necessary before us-
ing the data to determine the parameters of the
magnitude-frequency relationship. It has been
observed that the completeness of earthquake
records varies with time. In the past, due to low
population density and lack of interest in earth-
quake activity, only large events were recorded.
With increased instrumental coverage, inter-
mediate and lesser earthquakes have been re-
corded with more frequency, producing an
apparent increase in seismic activity with time
which biases the statistics from uncorrected
catalogs of data. In recognition of this time bias,
the evaluation of the degree of completeness of
the available earthquake record is an important
step in the analysis of data. One possibility is to
confine analysis to sections of the record that
are complete for the earthquakes of interest.
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The main problem with this approach is that it
reduces the size of the useful sample and mean-
ingful statistical averages of large earthquakes
cannot be obtained because of their infrequent
occurrences (Biblio 6). An alternative is to cor-
rect for incomplete reporting by a random sim-
ulation of missing data (see STASHA). The
Gutenberg-Richter relationship is given by
equation (3-1).

InN(m) =a + fm (eq 3-1)

where
In = Natural log to the base e

N(m) = Average Number of events
greater than or equal to the
magnitude m.

a, B = constants.

Very often, this relationship is used in a slightly
different format where logarithm to the base 10
is used instead of to the base e.

logi oyN(m) = a + bm (eq 3-2)

One would convert the equation from base e to
base 10 by means of the following simple con-
version:

a = 0.43429« (eq 3-3)
b = 0.434298 (eq 34)

Such magnitude-frequency relationships are
called “recurrence relationships” in the litera-
ture and a general example is shown in figure
3-17. After the recurrence relationship is ob-
tained, the following normalization process can
be performed.

(a) Normalization to unit length and
time. Let T be the time-period over which the
recurrence data has been obtained. If the source
is a line source, let L be the length of this source.
Then, N(m) = average number of events equal
to or greater than magnitude m during the time
period T and on source length L for the line
source.

Let
, _ N(m)
N'(m) = IT

then

In(N’(m)) = 1n%%l= InN(m) - In(LT)

In(N'(m)) = a« + Bm — In(LT)
=a — In(LT) + Bm

or

In(N'(m)) = o + Bm (eq 3-5)
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where

N'(m) = average number of events equal
to or greater than magnitude m
per unit time and unit of source
length

o a — In(LT)

" Note that the value of B does not change when
the recurrence relationship is normalized. This
step of normalizing the recurrence relationship
is usually done by the seismic hazard analysis
computer program. The purpose of presenting
this step here is to indicate that in the normal-
ization, it is assumed that for a given source, the
number of events equal to or greater than a
given magnitude is homogeneous in time and
space. Thus, the mean rate of occurrence does
not change with time or along the given source.
More will be discussed on this topic when the
probabilistic-forecasting models are presented.

(b) Normalization to unit area and
time. If the area source with area A was con-
sidered instead of the line source, the relation-
ship would have a simlar format:

In(N'(m)) = a« — In(AT) + B m

1nN (m)

TM 5-809-10—-1/NAVFAC P~-355.1/AFM 88-3, Chapter 13, Section A

or

In(N'(m)) = o' + fm,
witha’ = a — In(AT)
(eq 3-6)

Where N'(m) and o' are now normalized with
respect to the source area A.

(c) Sampling uncertainty. For a given
magnitude m, the fitted line gives the average
value of N(m) or N'(m), and this average or
expected rate value is required for the proba-
bilistic forecasting model in paragraph 3-4d.
However, there is considerable scatter of the
actual recorded number of events. To take this
scatter into account, a probability distribution
function is generally assumed for the number
of events equal to or greater than a given m.
Further, the fitted recurrence line, because of
limited data base and the largely subjective eval-
uation of the maximum magnitude, has a sam-
pling error. This sampling error is an indicator
of the difference between the sample fitted line
from the limited data source and the true line
that would be obtained from a very large data
source, figure 3-17. The STASHA, (Stanford
University, Technical Report No. 36) program
gives a probabilistic representation for this
sampling uncertainty in the N(m) value.

Fitted line

InN{(m) = « + 3m

1c bound for sampling

error of fitted line

~
\\\
Historical Data

\\_\ \ o

US Army Corps of Engineers

Figure 3-17. Linear Recurrence Relationship.
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(d) Non-linear relations. Other forms of
recurrence relationships have been used by re-
searchers. Dalal (Biblio 21) has used Gaussian
and log-Normal probability distribution models.
Mortgat et al (Biblio 42) have used a bilinear
relationship as shown in figure 3-18. Here, two
lines are fitted to the data. The point where the
two lines meet is usually determined subjec-
tively from the geologic considerations concern-
ing capabilities or rates of large magnitudes on
the source. Cornell and Merz (Biblio 39) have
used a quadratic form for their recurrence re-
lationship. Recently, Dong et al. (Biblio 23) have
applied the maximum entropy concept to obtain
minimally biased recurrence relationships. (See
app D for some examples).

(e) Recurrence relationship for sources
in the Western United States. The “active fault”
approach is usually- employed in this region.
Therefore, based on the fault locations and the
modelling of these faults as line sources, past
seismic events are assigned according to their
relative proximity to the different sources. This
process of event assignment is usually per-
formed by expert judgement with recognition
that epicentral locations are subject to error and
that events are more likely to occur on the known
fault rather than on the adjacent area. The
STASHA program has a procedure for event as-
signment. It has been found that the value of

InN(m)
\

InN(m) = a
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the recurrence constant for most of the WUS
sources lies between about 1.1 to approximately
2.5. Figure 3-19 shows the recurrence relation-
ship for the northern section of the San Andreas
Fault in California. It should be mentioned here
that one large fault such as the San Andreas
may be broken down into two or more homo-
geneous segmental sources and the recurrence
relationship may be determined for each of these
segmental sources. This use of homogeneous
segments is quite common in California where
there is evidence of varying degrees of seismic-
ity on the large sources. The source severity pa-
rameter employed in developing these recurrence
relationships in the WUS is usually the Richter
magnitude (which can be considered to be the
same as the local magnitude M.). In appendix
C, paragraph C-1, these variatious magnitude
scales are defined.

(f) Recurrence relationships for sources
in Eastern United States. The tectonic prov-
ince approach is used for modelling sources in
the eastern United States. Therefore, all the
sources are area sources, and these usually cover
rather large regions. With respect to the source
severity parameter, most of the historical data
in the East is compiled in the form of the Mod-
ified Mercalli Intensity Scale. However, there are
cases where the most recent data is in local Mag-
nitude (Mp.) or body wave magnitude (my).

1 + Slm

Break Point

- InN(m) = o, + Bzm

Maximum Possible
Magnitude for the
Source

US Army Corps of Engineers

iM
1 max

Figure 3-18. Bilinear Recurrence Relationship.
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Therefore, in order to make all the data con-
sistent, one approach consists in converting the
magnitude into an epicentral Modified Mercalli
Intensity (MMI).

Let I, be the epicentral MMI
M be the Richter magnitude.

In paragraph C-1, appendix C, the relationships
between these two parameters for the Eastern
United States are given.

Also, Nuttli (Biblio 46) has developed a rela-
tionship between the body wave magnitude m,;
and the epicentral intensity I,

my = 1.75 + 0.501, (eq 3-7)

Using relationships such as these, the occur-
rence data in the form of the source intensity
I, can be obtair :d. The Gutenberg-Richter re-
currence forma* “cr intensity is then written in
the following form:

In[N(L)] = ar + B Lo (eq 3-8)

Where o; and B; are regression constants. Ye-
gian (Biblio 71) and TERA (Biblio 63,64) have
given values of B; for the EUS. A shortcoming
of using epicentral intensity (I,) as a parameter
is that I, unlike magnitude, is not a direct meas-
ure of a source severity. By definition, intensity
is a number corresponding to particular ob-
served effects and these are often influenced by
both the site condition and the prevailing local
types of construction. In order to overcome this
shortcoming, an alternative approach involves
the estimation of magnitude of the historical
events (before instrument records) in terms of
their estimated epicentral intensity, felt area,
and fall-off intensity. This requires a large
amount of background research effort. How-
ever, most large events in the EUS have been
assigned a magnitude based on this method by
different researchers (Nuttli, et al. (Biblio 47)).
Smaller events of less importance in the anal-
ysis can be converted to magnitude using one of
the relationships in appendix C-1, or equation
3-7. In the formulation of the recurrence rela-
tion in the EUS, it is usually assumed (because
of lack of data) that the same B; value applies
throughout very large regions and that local
variations apply only to the level of seismicity
(parameter «;). The range of values for the pa-
rameter B; is from 0.80 to 0.92.

(2) Determination of the maximum earth-
qgquake. One of the most controversial and im-
portant variables of interest in representing
source seismicity is that of the size of the max-
imum earthquake. Past literature has employed
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the term “maximum credible” event. Such a term
should be discouraged from use. Instead, use of
a term such as the “maximum earthquake size”
should be encouraged. The size of the maximum
earthquake is used in source seismicity deter-
mination in two ways:

—Deterministic use of the maximum earth-
quake in the design process (see figures
34 and 3-6).

—Probabilistic use of the maximum earth-
quake, in the recurrence relationship. Here,
the value of this earthquake size provides
the upper cut off magnitude in linear re-
currence relationship, or it could be an
asymptote in the non-linear recurrence
relationship, see figure 3-18.

The estimate of the size-of the maximum earth-
quake for a given source is based on the follow-
ing factors:

1—Geologic evaluation of the regional tec-
tonic framework.

2—Historical seismicity of the source and
the surrounding region.

3—Geologic history of displacement (from
trenching investigations).

4—Relationship between earthquake mag-
nitude and fault rupture length.

5—Relationship between earthquake mag-
nitude and amount of fault displace-
ment.

Out of the five factors mentioned above, the tec-
tonic province approach in the EUS would per-
mit the use of only the first three. When the
active fault approach is employed in the WUS,
then all of the five factors will be used for such
an evaluation. Whether one decides to use a spe-
cific maximum earthquake value or a probabi-
listic distribution representation of the maximum
earthquake value, the STASHA program can
handle both forms of this input information.
(a) Determination of the Size of the Max-
imum Earthquake-Western United States. In this
region, seismic sources are usually line sources
(active fault approach). For such sources the
maximum earthquake size is usually based on
the fault rupture length or the maximum amount
of displacement that may be associated with the
causative fault. Not only the historical data base
is used, but also geological data from trenching
or other geomorphological studies; Sieh, (Biblio
60) can be employed. Recently, (Aki, (Biblio 1);
Kanamori and Geller, (Biblio 24); Molnar, (Bib-
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lio 40)) seismic moment has been related to the
fault rupture area, along with the fault shear
modulus and average slip. Relating the maxi-
mum seismic moment M, max t0 moment mag-
nitude M, gives the value of the largest moment
magnitude. It is useful to note that My, is equal
to M;, for M values between 5 and 7. Empirical
relationships between M, fault rupture length
L and fault displacement D are developed from
world wide data (Bonilla and Buchanan, (Biblio
11); Slemmons, (Biblio 61)). Paragraph C-4, ap-
pendix C gives these relationships. The tables
and relationships presented in paragraph C+4
should not be used exclusively but together with
historical and other geologic evidence. The his-
torical record of earthquakes in a given region
may be one of the few indicators of the potential
for future earthquakes. However, extreme cau-
tion must be exercised when extrapolated fore-
casts are made. The time period of records in
the United States is relatively short and there-
fore statistical prediction should always be com-
pared or modified by expert judgment concerning
seismicity. In paragraph C—4, table C-11 shows
the slip rate activity of some of the faults of the
Western United States, and figure C-10 shows
fault slip versus time. This type of information
can also be incorporated probabilistically in as-
sessing fault activity and in estimating the size
of maximum earthquake events. This will be dis-
cussed further in the forecasting paragraph,
3-4d.

(b) Determination of the Size of Maxi-
mum Earthquake-Eastern United States. In this

region, seismic sources are modelled by the tec--

tonic province approach. The most commonly
used method of determining the size of the max-
imum earthquake is through historical records.
Very little information (if any) is available on
the fault rupture or fault displacement and hence
these two parameters cannot be related to the
size. To overcome the problem of limited histor-
ical data in estimating the maximum earth-
quake size, the opinions of experts should be
obtained. Two principal methods are used to de-
termine the maximum earthquake size. The first
one consists of using the size of the largest his-
torical event subjectively incremented by a safety
factor such as half a magnitude or one intensity
unit. The other consists in using the earthquake
size corresponding to a 1000 to 5000 year return
period from the recurrence relationship. Al-
though this last method is somewhat ad hoc it
is felt that, in the present geologic framework,
the near future will be similar to the past and
that the 1000 to 5000 year choice represents a
low enough probability such that the corre-
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sponding event can be considered as an upper
bound. This last approach should include all
available information such as local or regional
strain release or stress field data (See para
3-4¢(3)).

(3) Use of Seismic Moment to Represent
Source Seismicity. One of the more recent de-
velopments in seismic hazard analysis is to use
seismic moment (M,) to describe source seis-
micity. Seismologists have introduced a “phys-
ical” parameter called seismic moment M, to
describe size of an earthquake. This develop-
ment is relatively new and its practical imple-
mentation for seismic hazard analysis has not
been achieved. Paragraph C—4, appendix C, in-
troduces the users of this manual to this new
concept.

d. Probabilistic Forecasting Models. SteplIII
is to forecast source severity of future earth-
quakes on each of the identified sources (see fig
3-20), once the sources of seismic activity have
been identified (para 3—4b) and the seismicity
of the identified sources has been determined
(para 3—4c). These forecasting models are not
based on extrapolation of past data, but are based
on stochastic models. These models from the
probability theory field of stochastic processes
may however employ data for the evaluation of
their parameters. The type of stochastic fore-
casting model selected depends on the accept-
able type and level of assumptions about the
seismic occurrence on each of the sources. The
most widely used model is called the homoge-
neous Poisson Model. Typical examples of this
approach are given in the following references:
Cornell (Biblio 18), Cornell and Van Marcke
(Biblio 19), Stepp (Biblio 62), Algermissen (Bib-
lio 3), McGuire (Biblio 37), Shah et al. (Biblio
58), Wiggins (Biblio 69), Der Kiureghian and
Ang (Biblio 22), Liu and Fagel (Biblio 34), Kir-
emidjian and Shah (Biblio 32). This is normally
called a memoryless process because of the as-
sumption that the probability of occurrence or
nonoccurrence of an earthquake in any given
year and for a given source does not depend on
the time interval since the last occurrence. For
most practical cases where the future time ho-
rizon is of the order of fifty to one hundred years,
this is a reasonable assumption and is suitable
for the purposes of this manual. A non-homo-
geneus Poisson model has also been used to ac-
count for the dependence of the mean rate of
occurrence on time. Savy and Shah 1981, (Biblio
52) have shown the use of this model. In order
to account for the lack of sufficient historic oc-
currence data and also to take into account geo-
logical data (such as slip rate, size of past rupture
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FROM NORMALIZED RECURRENCE RELATIONSIP,
OBTAIN MEAN RATE OF OCCURRENCE FOR

MAGNITUDE OR INTENSITY OF INTEREST

1

SELECT STOCHASTIC FORECASTING MODEL
COMPATIBLE WITH THE GEOLOGICAL AND
SEISMOLOGICAL INFORMATION

© Homogeneous Poisson Model (widely
used)

o0 Non Homogeneous Poisson Model

0 Bayesian models

i

HMODIFY THE MEAN RATE OF OCCURRENCE IF
CEOLOGICAL INFORMATION AND/OR EXPERT
SUBJECTIVE OPINION CAN SIGNIFICANTLY

CHANGE THE STATISTICAL ESTIMATE OF THE
RATE OF OCCURENCE

Y

OBTAIN PROBABILITY OF
OCCURRENCE OF DIFFERENT
MAGNITUDES OR INTENSITIES
FOR FUTURE TIME PERIOD T AND
FOR TOTAL SOURCE DIMENSIONS

REPEAT PREVIOUS STEPS
FOR ALL THE SOURCES

US Army Corps of Engineers

Figure 3-20. Flow chart for step IlI seismic forecasting model.
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length and the amount of fauit displacement per
event), Bayesian models have been developed.
These models assume a Poisson occurrence model
along with a Bernoulli model for the size of each
occurrence. The STASHA program describes this
type of model; see appendix D for an example.
(1) When the occurrence of a future event
_isindependent of the past occurrences, then the
homogeneous Poisson model is a reasonable
model. The Poisson model of occurrence can be
written as

-t n
PN(n,t) - e_(ML

n!

(eq 3-9)

where Pn(n,t) =Probability of having n events
in a future time period t

n =number of events

A =mean rate of events per unit of
time (years)

(2) IfNisindependent of time, then the pro-
cessis called homogeneous. If A varies with time,
the process is called non-homogeneous.

(3) For earthquake events to follow the ho-
mogeneous poisson model, the following as-
sumptions must be valid:

—Earthquakes are spatially independent;

—Earthquakes are temporarily indepen-
dent;

—The probability that two seismic events
will take place at the same place and at

the same instant of time approaches zero.

The first assumption implies that occurrence or
nonoccurrence of a seismic event at one site or
location or source does not affect the occur-
rence or nonoccurrence of another seismic event
at some other location or source. The second
assumption implies that the seismic events do
not have memory in time. The third assumption
implies that for a small time interval dt, no more
than one seismic event can occur. This assump-
tion is considered to be realistic and fits the
physical phenomenon reasonably well.

(4) It can be shown that if the arrivai of
earthquake events follow the Poisson process,
then the random description of the time interval
between two events follows exponential distri-
bution. Thus,

f(t) =xe™ t=0 (eq 3-10)
= (, Otherwise

f(t) is the probability distribution func-
tion for the interarrival time t between events,
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and
\ is the mean rate of occurrence.

If one defines the return period (Tg) as the time
interval during which the expected number of
occurrences is one, then this much used engi-
neering parameter in risk analysis is obtained
as follows: the expected number of events for
the Poisson process of equation 3-9 is given by

E(N(t)\) = At (eq 3-11)

where E(N(t)\) = Expected number of events
for future time t given \.

If equation 3-11 is equated to one, we get the
definition of return period.

)\TR= ].
and hence Tr = —:— (eq 3-12)

Tr is therefore the average time interval be-
tween events, and is also the reciprocal of the
annual risk of occurrence. The value of A is usu-
ally obtained from the recurrence relationship
developed in paragraph 3—4c. Let N'(m) = o' +
B m be the average number or rate of events
equal to or greater than magnitude m per unit
of time and per unit of source dimension. Then,
using the Poisson occurrence model, the prob-
ability of n events equal to or greater than mag-
nitude m in future time t for source of length L
(or area A) is given by

exp(=N'(m)Lt)"(N’(m)Lt)"

P(nm,t) = y
n!
(eq 3-13)
Thus,
P(O,m,t) = exp(—N'(m)Lt) (eq 3-14)

or probability of at least one event above mag-
nitude m for a source of length L in future time
t is given by

1 -P(Om,t) =1 - exp(—N'(m)Lt)
(eq 3-15)

Equation 3-15 provides the most elementary
hazard statement for the occurrence of a given
magnitude (or greater) on a given source. The
probability of exceeding a given level of site in-
tensity (such as PGA) needs consideration of
the location of the event (epicenter or rupture
length) on the source and also the consideration
of all scurces affecting the site. This is treated
in the next paragraph 3-5.
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3-5 Selection of the attenuation relation
for the determination of seismic
severity at a site.

Step IV of the seismic hazard analysis deals with
the methods of evaluating the severity of ground
motion at the site where the structure is located,
given the information developed in the previous
three steps.

a. Attenuation of ground motion. When a
rupture along a fault plane occurs, vibratory
ground motions are generated. These motions
travel out from the source as body and surface
waves (See fig C-2). As these waves travel far-
ther out from the source, they are attenuated.
The type and amount of attenuation depends on
many factors, the most important of which are
listed below:

—Size or source severity of the event on the
source

—Type of fault mechanism

—Transmission path of the seismic waves
from source to the site

—Vibration or wave frequency of interest
of the seismic ground motion

—Distance from the source to the site

—Local site soil response effect

In estimating the type and severity of ground
motion that would exist at a site due to some
future seismic event, the analyst should incor-
porate the above parameters in his model. The
current state-of-the-art methods for estimating
the ground motion can be classified into two
groups.

—Methods based on wave propagation the-
ories through elastic and non-elastic
media with appropriate damping charac-
teristics.

—Empirical methods based on past data.

In the first method, various researchers in re-
cent years have developed models to study dis-
placement (or some other ground motion
parameter) wave forms as a function of the type
of event and the distance from the source. In
particular, the models for estimating the sur-
face wave patterns have been quite good and fit
the data well (See Boore, (Biblio 12); Frazier,
(Biblio 4); McCann, (Biblio 35)). There are some
other models which look at the attenuation of
Fourier spectra with distance. Such models take
into account the damping characteristics of the
transmission media, the wave frequency com-
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ponent of interest and the distance from the
source. These types of developments are avail-
able for body waves (See Savy, (Biblio 53)).
However, the most commonly used methods for
ground motion estimation in engineering and
for seismic hazard and risk analysis are the ones
based on empirical relationships. In this man-
ual, a short description of these empirical tech-
niques will be presented. For a detailed study
see Idriss (Biblio 30) or the OASES study by
Woodward-Clyde Consultants (Biblio 70). It is
commonly accepted by seismologists and geo-
physicists that the type, the amount, and the
geometry of the rupture surface influences the
amplitude and frequency of motion near the
source. Other factors influencing the near-source
motion characteristics are the velocity of rup-
ture, the stress drop, the physical properties of
the fault plane material, and the pattern of non-
uniformity of rupture on the rupture surface.
The larger the rupture surface, the greater the
ground motion. However, there are definite up-
per limits for both the rupture size and the re-
sulting motion. The wave patterns generated at
the source travel out in all directions in the form
of complex wave forms. The regions through
which these wave forms travel from source to
site constitute the “transmission path.” It has
been observed that the transmission path influ-
ences the attenuation of wave forms in both the
frequency and amplitude domains. The decaying
of amplitude with distance is usually referred
to as the “attenuation.” In the frequency do-
main, higher frequency components in the wave
form get filtered out as the distance from the
source to site increases. In this paragraph, only
the amplitude attenuation will be discussed.
Paragraph 3-6 considers the aspects of fre-
quency attenuation and its influence on the re-
sponse spectrum shape.

b. Empirical attenuation relations. Various
empirical relationships are available in the lit-
erature to describe the relationship between the
size of the event, the distance from the source
and the site ground motion parameter of inter-
est (see fig 3-21). In working with these rela-
tionships, the question of distance from the
source to the site arises. The most ‘“realistic”
distance to be selected could be either the epi-
central distance, hypocentral distance, distance
from the site to the energy release center, or the
distance from site to the closest rupture loca-
tion on the fault. Earlier relationships have used
epicentral distance; however, with the availa-
bility of more data in recent years, it has become
evident that this distance is not the most rele-
vant. Some studies have used hypocentral dis-
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Figure 3-21. Step IV, attenuation of ground motion from source to site. -

tance. The recent relationships use the concept some of the distance definitions used in the
of significant distance. This is the shortest dis- literature.
tance to the ruptured source. Figure 3-22 shows
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R, — Distance to energy center

Re — Epicentral distance

Ry — Distance to0 causative fault

R, — Hypocentral distance

R, — Map distance to energy center

R, — Significant distance

Reprinted from "Offshore Alaska Seismic
Exposure Study (OASES)," 1978, with
permission from Woodward-Clyde Con-
sultants.
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Figure 3-22. Attenuation distances.

(1) Recent studies have indicated (OASES,
Biblio (70) that the transmission path B is very
important. Thus, for shallow earthquakes
(transmission path A in fig 3-23) there is one
attenuation relationship; whereas for deeper
earthquakes, (transmission path B in fig 3-23)
there is a separate attenuation relationship. This
transmission path dependence has been ob-
served in data collected in Alaska, Japan and in
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the Western United States. For most earth-
quakes in California and Hawaii, transmission
path A should be assumed. Also, there are im-
portant differences in rates of attenuation for
the WUS and EUS regions. These will be dis-
cussed in the paragraphs for these regions.

(2) Many empirical attenuation relation-
ships are available in the literature. They all
have their shortcomings in both accuracy and
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Reprinted from "Offshore Alaska Seismic

Exposure Study (OASES),'" 1578, with
pernission from Woodward-Clyvde Con-
sultants.

Figure 3-23. OASES attenuation.

applicability for a given site. The scatter of data
with respect to the estimated relationships is
considerable. Hence, this scatter should be prop-
erly accounted for in the use of the attenuation
relationships. See appendix D for an example.

¢. Attenuation of ground motion in the West-
ern United States. The abundance of strong
motion records in the WUS makes empirical
regression analysis the ideal tool to predict
ground motion. A number of assumptions can
have a significant impact on the results of such
regression analyses. The most important ones
are the attenuation mathematical forms, the
regression techniques (linear, non-linear,
weighted vs. non-weighted), the data base se-
lection criteria, the definition of magnitude, at-
tenuation, and site soil condition. Three of the
most recent attenuation models developed for
the WUS are given below:

—Campbell Model (Biblio 14)
—Joyner and Boore Model (Biblio 31)

—OASES Model (Biblio 70)

Figure 3-24 shows the first two of these rela-
tionships. The third relationship is given in fig-
ure 3-23.

(1) The mathematical relationship used for
modeling the attenuation of peak acceleration
with distance is expressed by Campbell (Biblio
14) by the equation:

PGA = a exp(bM)(R + C(M)) ® exp(-rR)
(eq 3-16)

where PGA is the mean of the peak acceleration
scaled from the horizontal component of the ac-
celerogram in g units.

M is the magnitude (M = M. for mag-
nitude less than 6.0)
(M = M;s for mag-
nitude greater than
6.0)
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Joymer, W, B.

and Boore, D. M., Bulletin of

the Seismological Society of America, Vol.
71, No. 6, 1981, with permission from the

Seismological Society of America.

Figure 3-24. Attenuation Relations.

r is the absorption coefficient which af-
fects the rate of attenuation.

R is the closest distance in kilometers to
the surface projection of the rupture
zone.

a, b, and d are regression constants. C(M) is a
function which models possible nonlinear mag-
nitude and distance scaling effects in the near
field that may be supported by the data. Ac-
cording to Campbell,

C(M) = 0.567 exp(0.345M)

Substituting this into equation 3-16 along with
the values for a, b, and d gives the following
equation for the median value of peak acceler-
ation:
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PGA = 0.22 exp(0.734M) (R + 0.567exp
(0.345M)) **' exp (-rR)  (eq 3-17)

where the value of r for the WUS is given by
r = 0.0423 - 0.00911IM + 0.000573m” (eq 3-18)

The 84th percentile value is obtained by multi-
plying equation 3-17 by 1.49. This step assumes
that the natural logarithm of PGA has a stand-
ard error of 0.40.

The Joyner and Boore relationships (1981)
are as follows:

logA = -1.02 + 0.249M, — logR;

— 0.00255R; + 0.26P (eq 3-19)
where R; = (d° + 7.3H)"* (5.0 <M, < 7.7)
(eq 3-20)
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A is the peak horizontal acceleration in g
units

M, is the moment magnitude.

d isthe closest distance to the surface pro-
jection of the fault rupture in kilome-
ters.

P is zero for 50 percentile value and one
for the 84 percentile value.

(2) The OASES (Biblio 70) relationship has
the following mathematical format:

PGA = byexp(b.M) (R + C)°3 (eq 3-21)

where PGA is the peak horizontal acceleration
in cm/sec’.

by, b2, and b; are regression constants

R is the closest distance to fault rupture
in kilometers.

C is a constant dependent on magnitude
M, but independent of transmission
path.

C = 0.864exp(0.463M;) (eq 3-22)

For different transmission paths and soil con-
ditions, values of regression constants by, b, and
bs along with the standard deviation of In(PGA)
are given in table 3-2. Use of any one of the
three attenuation relationships should give rea-
sonable results.

d. Attenuation of ground motion in the East-
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tion model for the EUS is a difficult task for
several reasons. First, there is not much strong
motion data available from EUS earthquakes.
Second, it is generally agreed that one cannot
directly use a ground motion model developed
for the Western United States (WUS) because
data from a number of sources, e.g., Nuttli (Bib-
lio 48), Chung and Bernreuter (Biblio 15) that
the attenuation of seismic energy in the EUS is
much different (more gradual) than in the WUS.
Four approaches appear applicable to develop
an EUS ground motion model. Given the limited
amount of intensity data available for the EUS,
three of the approaches use intensity as an in-
termediary variable to compare the ground mo-
tion between WUS and EUS:

Let I, =site intensity
I, =epicentral intensity
R =distance from source to the site
M =magnitude
F() and g() functional forms
GM =ground motion parameter, such

as peak acceleration or peak
velocity

Distance Weighting
Iy = £(I,, R) (EUS Data)
Log GM = g(I,,R) and in some cases

ern United States. Developing a ground mo- G(Is,M.,R) (WUS D
Table 3-2. OASES attenuation constants for median PGA values.
Standard Range
Deviation]| of Mag-
b b b £ .
1 3 of log nitudes
(PGA) Mo
Path A .
tiff
(shallow | “or > | 191 | 0.823 | -1.56| 0.568 | 4 to 7.5
Focus
Events) .
ook 157 | 1.04 | -1.90{ 0.579 4 to 7.5
site
Path B
(Deep Focus stiff 284 | 0.587 { -1.05| 0.70 5 to 8.5
or Subduc- site
tion Zone
k
Events) oed 276 | 0.68 | -1.20{ 0.70 4 to 8.5

Reprinted from "Offshore Alasia Seismic
Exposure Study (0ASES),"
sion from Woodward-Clyde Consultants.

197S, with permis-
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Magnitude weighting

I, = f(I,,R) (EUS Data)

Log GM = g(I,,M) (WUS Data)
No weighting

I, = £(I,,R) (EUS Data)

Log GM = g(Iy) (WUS Data)

The fourth method uses a theoretical approach
such as Nuttli’s (Biblio 48) model. It combines
theoretical modeling with measured regional Q
values (damping value of the transmission me-
dium), assumes the near-source ground motion
in the EUS is the same as in the WUS, and scales
only by magnitude. If it is kept in mind that the
elements of ground motion models are a com-
bination of source travel path and local site ef-
fects, it can be seen that all four approaches
make a common assumption. This is that the set
of WUS earthquakes, making up the strong
ground motion data set, adequately represents
future earthquakes in the EUS in terms of such
parameters as dynamic stress drop, static stress
drop, seismic moment, and focal mechanism.
Validity of this common assumption can be ver-
ified only as more information is generated in

Name Date
Southern Illinois 11-9-1968
Cornwall-Massena - 9-4-1944
Ossippee 12-20-1940
Giles County 5-31-1897
Charleston 8-31-1886
New Madrid 1811-1812

(2) Strong ground motion data base. This
data base allows correlation of site intensity with
such information as peak ground acceleration
(PGA), velocity (PGV), distance from recording
site to the epicenter and/or nearest approach of
the fault rupture plane, earthquake magnitude,
and information about site geology (See para-
graph C-1, appendix C-1). A number of such
data bases have been developed, e.g., Murphy
and O’Brien (Biblio 43), Trifunac and Brady
(Biblio 66), McGuire and Barnhard (Biblio 38),
Boore et al., (Biblio 13). If the site intensity is
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the future.

(1) Empirical models using an intensity
attenuation data base. The first three ap-
proaches require a relation giving the atten-
uation of intensity as a function of distance. It
would be ideal to have a number of earthquakes
with arange of epicentral intensity (I,) and many
reports of site intensity (I;) for each earth-
quake. Then it would be possible to obtain the
required relation of the form through a simple
regression analysis:

(Is = I,) = C; + C,R + G3lnR (eq 3-23)

However, no such data set exists in a usable
form. Considerable data does exist, but it is in
the form of isoseismals for given earthquakes.
Isoseismals have a number of drawbacks, in-
cluding the fact that they are generally subjec-
tively determined. Of even greater significance
is the fact that isoseismals represent the aver-
age distance at which a given intensity was felt,
rather than average intensity at a given dis-
tance. Six earthquakes, that have been studied
in enough detail to develop sufficient data for
determining the required coefficients in equa-
tion 3-23 by regression analysis, are listed be-
low.

Maximum Analysis
Intensity Source
vii G.A. Bollinger
(Biblio 9)
Vil R.J. Holt
(Biblio 9)
Vil R.J. Holt
(Biblio 9)
VII-Vill G.A. Bollinger
(Biblio 9)
X G.A. Bollinger
(Biblio 9)
X1-X11 O. Nuttli
(Biblio 9)

to be correlated with spectral amplitude as well
as PGA, the data sets are more limited. The most
common one consists of the California Institute
of Technology (CIT) data tapes, such as those
of Trifunac and Brady or McGuire and Barn-
hard. These sets are then used to obtain rela-
tions of the form:

InGM =C; + CI; + CGzIn R (eq 3-24a)
or
InGM = C; + CIs + CGM (eq 3-24b)
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or
In GM = C; + Gyl (eq 3-24c)
and
InGM =C; + C;M + C3In R + C,4S
(eq 3-244d)
where

GM = Ground motion parameter (PGA, PGV,
or spectrum S, at a given period)

I, =Site intensity

R = distance measure (epicentral, closest
approach, etc.)

M = generally local magnitude

S = Site type parameter (for soil S = 0;

forrock S = 1)

The parameters C,; are determ:ined by regression
analysis using an appropriate data set. The val-
ues of I, R, and site type for some records differ
significantly between data sets. Thus some
choices are involved.

(3) Site Correction Factor. The ideal way
to include a generic correction factor for rock
sites is to perform the required regression anal-
ysis using only the rock subset of the data in
place of equation (3-23) one could use:

I, - Io=Ci + GGR+ C3InR + CsS
(eq 3-25)

where S = site type (S = 0 forsoiland S =1
for rock), and in place of equations 3-24a, b, c,
one could include a site type in the relation be-
tween ground motion, site intensity, and dis-
tance or magnitude. Unfortunately, the intensity
attenuation data does not include the site type
and the intensity assigned is not generally at a
site where an accelerograph would be located,
but rather it is determined from isoseismals or
nearby reports of intensity. This reduces the
applicability of the above approach.

(a) Another method consists of intro-
ducing the variation between soil and rock sites
at the level of equations (3-24) and the general
ground motion model for the EUS is the com-
bination of equation (3-23), the appropriate form
of equations (3-24) and the inclusion of the term,
C4S (S = O for soil sites annd S = 1 for rock sites)
where C, is obtained from WUS data, (In(GM =
CsS + C; + CM. + C3InR). The resulting ground
motion is of the form:

InGM = C; + G, + CsR + C4ln R
(eq 3-26)

where GM is PGA, PGV or any spectral ordinate
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Sa of interest. Several models are plotted for
PGA in figure 3-25. Based on the methods sug-
gested in this section, any one of the following
four attenuation relationships can be used.

1. Gupta and Nuttli model (1976). (Biblio
25).

2. Bollinger model (1977). (Biblio 8).

3. Ossippee model (1977). (Biblio 64)

4. Model developed by Tera Corporation.

(b) The Tera Model is based on the first
three models mentioned above. This model has
the following format:

log PGA = 0.74 + 1.12m, — 0.733In R -
0.0007R
(for R > 20 kilometers.)

= —-147 + 1.12 m,
(for R = 20 kilometers.)

PGA is in cm/sec?

M, is the body wave magnitude =
(0.98M. — 0.29)
R is the epicentral distance in Kms.

e. Uncertainty associated with ground mo-
tion model applied in the east. One weakness
of the approach applied in the EUS has to do
with apportioning an attenuation model into
submodels. The uncertainty contained in each
of the submodels increases the uncertainty in
the final prediction (Cornell, et al., (Biblio 20).
Although at the present time, there does not
appear to be any rational alternative to this.
This added uncertainty significantly influences
the seismic hazard results. Improved estimates
could be obtained through additional work on
this topic. When an attenuation model is derived
directly from recorded ground motion, the sta-
tistical uncertainty usually corresponds to a one
standard deviation confidence level of 1.6-2.0
times the mean. When the uncertainty in mean
predictions of intermediate parameters (such
as intensity) is rigorously included, this multi-
plicative factor becomes 2.0-2.9 (Cornell, et al.,
(Biblio 20). A hazard analysis, which results in
a one standard deviation confidence level equal
to 2 or 3 times the mean predicted value of site
severity is being dominated by this multiplica-
tive factor. It should be recognized that a large
part of the uncertainty is due to the use of data
representing all possible earthquake types and
all possible travel paths. The necessity for this
is to acquire a sufficient statistical sample size
for averages and empirical prediction equa-
tions. However, in most cases the seismic hazard
at a particular site is largely determined by a
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Figure 3-25. Comparison of ground motion models for M, = 5.5.

particular type of earthquake (e.g., magnitude
range, depth, focal mechanism, etc.), with a par-
ticular path. It is believed that a detailed con-
sideration of this specific local knowledge would
significantly reduce the attenuation model un-
certainty. Also, as stated in the next paragraph,
the median forecasted value of PGA is used for
scaling the response spectrum shape. The high
uncertainty in actual PGA values does not enter
into this scaling procedure; only the statistical
sampling uncertainty of predicted median PGA
as it estimates the true (infinite sample size me-
dian value) median is of concern. Aside from the
use of sub-models (such as conversion of I to
M), there is no a priori reason to believe that
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the random uncertainty associated with predic-
tion of median PGA levels in the EUS should be
substantially different than in the WUS for given
parameters. Therefore uncertainty measures
similar to those values obtained in the WUS from
direct regression on strong motion data are rec-
ommended for use in the EUS.

f. Site severity for scaling the response spec-
trum shape. For the purpose of scaling the ap-
propriate site response spectrum shape (DAF)
as described in the next paragraph 3-6, it is rec-
ommended that the median or 50 percentile value
of PGA be used in the attenuation equation. The
mean value shall be used if the median is not
given by the attenuation equation. For a given
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convoluted seismic hazard or return period of
severity at the site, it is judged that the median
value is sufficiently conservative for spectral
scaling purposes. Note that PGA data used for
empirical attenuation relations is the PGA from
the principal component of the recorded time
history. Further conservatism due to the spec-
tral enveloping property of the specified DAF
shape is discussed in paragraph 3-7.

g. Computation of total hazard at the
site. The process of computing the hazard or

Line Source
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probability of exceeding a given level of site in-
tensity (such as PGA) involves the convolution
of the probabilities of all the possible combi-
nations of source intensities (M or I) and at-
tenuation distances R that can produce or exceed
the given level of PGA. Figure 3-26 provides a
simplified illustration of the typical condition
for a line source and an area source.

(1) On theline source the set of all possible
combinations of rupture length location, its cor-
responding attenuation distance R; and mag-

( Rupture length due to M
having random lecat ion
on source

Site having given level
of PGA

///%/

N

Area element having
randon location on

-

US Army Corps of Engineers

\

4 source. M, occurs
in this elément.

Area Source

Figure 3-26. Description of sets of M and R required for a given PGA.
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nitude M; are able to produce or exceed the given
PGA at the site. Similarly the set of the M; and
area element location R; produces the PGA at
the site from the area source.

(2) The total probability of exceeding the
PGA is the probability of the union of the oc-
currences of all the sets of M; and R; combina-
tions on the line source, and M; and R;
combinations on the area source. The convolu-
tion operation required for this total probability
for a selected range of given PGA values can be
very lengthy and is best performed by a com-
puter program such as STASHA (Stanford Uni-
versity Technical Report, No. 36). A simple
example of this type of calculation is given in
paragraph 3-7c.

(3) Finally, a sensitivity analysis involving
the probable upper and lower bound values of
the parameters of the hazard analysis may be
performed. For example, when large uncertain-
ties exist due to sparse data and (or) judge-
mentally assigned values in source locations R,
recurrence parameters a, 8, M.y, and different
but applicable attenuation relations, then sep-
arate runs of PGA evaluations may be per-
formed using probable upper and lower bounds
for each individual parameter. The results of
this analysis are useful to identify the impor-
tant factors that significantly effect the calcu-
lated PGA, such that perhaps more information
can be obtained to better evaluate these factors
of parameters. Also, the resulting probable
bounds on a PGA for a given return period pro-
vide a numerical description of the quality or
stability of the hazard analysis and can assist in
the final assignment of the design spectral scal-
ing value for the PGA.

3-6. Site specific response spectra, step V.

The exact prediction of future ground motions
(such as the accelerogram x(t)) at a site is not
possible. Therefore, forecasted response spec-
tra representative of this motion offer the most
effective method of specifying the future. Hav-
ing the value of site severity from step IV of the
seismic hazard analysis, this value provides the
basis for scaling the response spectrum shape
resulting from step V, treated in this paragraph,
and summarized in figure 3-27.

In practice, the response spectrum shape may
be obtained by three rather common tech-
niques; two of which are empirical, and one ana-
lytical method:

—Averages of Normalized Spectra

—Attenuation of Spectral Ordinates
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—Analytical Soil-Column Response

(see para C-3, app C for an overview of all meth-
ods). The results of any or all of these methods
may be combined to define the appropriate spec-
tra for structural design and analysis; this is
usually done in a rather subjective manner to
best represent the quality of information from
each method, (See SEAOC Pamphlet, (Biblio
55)).However, before proceeding to the descrip-
tion of these methods and the formation of the
site specific spectra, it is useful to review the
major factors that govern the shape and size of
the response spectrum.

a. Spectral shape factors. Itis generally rec-
ognized that the frequency content and corre-
sponding response spectrum shape is governed
by the following source and site factors.

—Characteristics of Soil Deposits Underly-
ing the Site ’

—Magnitude of Seismic Event producing the
Site Ground Motion

—The Source Fault Rupture Characteristics

—The Source-to-Site Travel Path Charac-
teristics of Distance and Wave Attenua-
tion Properties

The second and third factors are recognized sub-
jects of research, but are not generally incor-
porated in site spectra with the exception that
records for spectral averaging purposes may be
grouped according to magnitude levels. The first
“soil type” factor is well established and used in
most site specific ground motion studies. The
fourth “travel path” factor is also an estab-
lished procedure for both distant sites in all re-
gions, and for the representation of the low
attenuation rates in the Eastern United States.
Detailed discussions and procedures for deter-
mination of spectra are given in appendix C, par-
agraphs C-2 and C-3.

b. Statistical averages of normalized re-
sponse spectra. In this first empirical method,
the shape of the spectrum is determined by a
statistical analysis (evaluation of averages and
standard deviations) of past earthquake strong
motion accelerograms; as classified according to
site conditions, distance from the source and
size of the event. All the response spectra for a
common set of conditions are normalized by the
recorded PGA, see figure 3-28.

The mean and standard deviations of the nor-
malized spectra (referred to as the Dynamic
Amplification Factor or DAF) are then calcu-
lated. This statistical summary is used to fore-
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GIVEN FORECASTED MEDIAN
PGA FOR EQ-I AND EQ-II
(para 3-1le)

DETERMINE FORECASTED RESPONSE SPECTRA

t , K
AVERAGES OF ~ ATTENUATION OF ANALYTICAL SOIL—*W
NORMALIZED SPECTRAL ORDINATES - COLUMN RESPONSE
SPECTRA HAVING FOR APPROPRIATE - FOR APPROPRIATE
COMMON SITE SOIL TRAVEL PATH, TIME HISTORIES
CONDITION MAGNITUDE, AND . ON BED ROCK
(para 3-6b) SITE SOIL CONDITION AND SOIL COLUMN !

(para 3-6¢c) MODEL I
(para 3-64d)

t ‘ !

ATC 3-06 SHAPE AS SPECIFIED IN PARA 3-8

COMPARE AND JUSTIFY FINAL SPECTRAL
SHAPE USING INFORMATION FROM ALL
AVAILABLE METHODS

(appendix C, para C-4)

l

SCALE FINAL SPECTRAL SHAPE ACCORDING
TO EQ-1 AND EQ-II LEVELS OF PGA

AND DAMPING VALUES

(para 3-7 and 3-8)

US Army Corps of Engineers

Figure 3-27. Step V, site specific response spectra.
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cast the spectral shape of future events according
to the particular site conditions. The method,
even though widely used for practical applica-
tions, has some shortcomings. The procedure of
normalizing according to PGA creates a large
coefficient of variation (standard deviation di-
vided by average), particularly in the long pe-
-riod region. However, since no better means of
normalization is yet available, this technique has
provided the primary source of design earth-
quake spectral shapes. See Seed et al. (Biblio
56), Kiremedjian and Shah (Biblio 33) and ATC
3-06 (National Bureau of Standards, Special
Publication 510).

c. Attenuation of spectral ordinates. The
second empirical approach of forming a site
spectrum is by the use of attenuation equations
for spectral ordinates at specific period values
for a set of records and then statistically ana-
lyzing these attenuated ordinates. This again
provides a mean and standard deviation descrip-
tion of the site spectrum such that an upper
confidence limit can be given in terms of one or
more standard deviations. This method has the
advantage of avoiding a normalization method
with its inherent creation of large spectral var-
iability. This advantage is offset, however, by
the need for the use of spectral attenuation re-
lations that have large prediction error. Also,
the development of these relations requires a
sufficient set of records applicable for acommon
seismic region; the method is therefore limited
to these regions (see app C, para C-3d). This
method, however, may find increased applica-
bility in the Eastern United States (see Nuttli:
Biblio 47), not because of the availability of data
for that region, but because the method can in-
corporate expert opinion and theories for wave
transmission peculiar to the region and its pos-
tulated sources of seismicity. The most current
application of this technique is given by NUREG/
CR—1582, Vol. 3 and 4, (Biblio 63, 64).

d. Analytical soil column response. The third
or analytical method of obtaining a spectral shape
is based on a site specific study of the strong
motion accelerogram. If the acceleration time
history at the bedrock level for a given site can
be formulated, then using the overlying soil lay-
ers as a filter, the response on the surface can
be determined. Thus, the transfer function of
the soil layer and the motion at the bedrock level
determines the time history and corresponding
spectral shape at the surface. The problem with
this method is that a time history at the bedrock
level has to be formulated. This may not be an
easy task for a region where the seismotectonic
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information is not complete. See appendix C,
paragraph C-3.

e. Site specific earthquake spectra. The pro-
cedures of paragraphs 3-6b, ¢, and d, have all or
in part lead to generalized versions of earth-
quake spectra. Some of the important recom-
mendations resulting from these procedures are
given here and in the next paragraphs on shape
effects. These include the methods of: -

—Newmark-Hall, (Biblio 44)
—Seed et al, (Biblio 56)
—Kiremidjian and Shah, (Biblio 33)

—ATC 3-06

(1) Newmark-Hall Method of Constructing
Elastic Response Spectrum. This is an empirical
method of constructing an elastic spectrum. It
employs the following normalized values for
ground motion:

Acceleration lg

Velocity 48 in/sec.

Displacement 36"

Thus, for a peak ground acceleration of interest,
as forecasted for the site, construct the ground
motion parameters on the tripartite plot. As an
example, let the PGA value be 0.35g. For this
case, ground motion values are:

Acceleration A = 0.35g
(1g x 0.35)
Velocity V = 16.8 in/sec.

(48 in/sec x 0.35)

Displacement D = 12.6"
(36" x 0.35)

Draw this ground motion spectrum on the tri-
partite paper. (fig 3-29).

(a) The second step is to construct an

“elastic” response spectrum. To construct this
spectrum, a table of amplification factors, based
on the study of past spectra, is available. See
table 3-3 from (Biblio 44).
These amplification factors are functions of
damping ratios, and the described confidence
level. As an example, consider a 5 percent damp-
ing ratio, and the median level.

(b) Thelines of constant acceleration, ve-
locity, and displacement representing the elastic
response spectrum are given by the correspond-
ing ground motion values times the appropriate
factors from the table.

S.=(.35g)(2.12) = 0.74g
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Figure 3-29. Newmark-Hall Spectrum.
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Table 3-3. Spectrum amplification factors for horizontal elastic response.

Damping, One Sigma (84.1%) Median (50%)
% Criticai A \Y D A A% D
0.5 5.10 3.84 3.04 3.68 2.59 2.01
1 4.38 3.38 2.73 3.21 2.31 1.82
2 3.66 2.92 2.42 2.74 2.03 1.63
3 3.24 2.64 2.24 2.4% 1.86 1.52
5 2.71 2.30 2.01 2.12 1.65 1.39
7 2.36 2.08 1.85 1.89 -~ 1.51 1.29
10 1.99 1.84 1.69 1.64 1.37 1.20
20 1.26 1.37 1.38 1.17 1.08 1.0t

Reprinted from "Earthquake Spectra and
Design,' Newmark, N. M. and Hall, W. J.,
EER]I Monograph Series, 1982, with permis-
sion from the Earthquake Engineering

Research Institute.

S, = (16.8 in/sec) (1.65) = 27.7 in/sec
Sa=(12.6")(1.39) = 17.51in.

(c) These constant levels are plotted on
the tri-partite paper, and along with recom-
mended connecting lines as given in (Biblio 44),
the complete spectrum is defined. This New-
mark/Hall method provides a direct procedure
of forming a spectrum, and also has the advan-
tage of constructing inelastic yield force and de-
formation spectra in terms of structural ductility
factors (see Biblio 44). Also the site soil con-
ditions can be represented by either the known
forecasted peak ground velocity or prescribed
relations between peak ground acceleration, ve-
locity, and displacement. However, since the
representation and description of site soil con-
ditions are not as detailed as in the following
methods, the use of this Newmark/Hall method
is not recommended except for general compar-
ison with other methods.

(2) Seedetal. Thismethod provides mean
DAF, and mean plus one standard deviation
shapes for different categories of site condi-
tions, see figures 3-30 and 3-31. These DAF
shapes may be scaled to the forecasted PGA value
having a given risk value at the site.

(3) Kiremidjian and Shah. This method is
similar to method (2), and a definite listing of
the data base and the site soil conditions is pro-
vided. Also, in addition to mean and mean plus
one standard deviation shapes, probability func-
tions are given for the random DAF values as
they are scattered about the mean value. This
probability information is most useful for cal-
culating the total risk of exceeding a specified

response spectrum. This total risk must involve
the convolution of probability functions for both
the forecasted PGA scaling factor and the DAF
spectral shape. See Kiremidjian and Shah (Bib-
lio 33) for examples. A more simplified reliabil-
ity calculation is given in paragraph 3-7.

(4) The ATC 3-06 method uses much of
methods (1) and (2) as background justifica-
tion. It, however, goes further to provide sim-
plified DAF shapes for not only the soil types
but also the tectonic region. Because of this sim-
ple, yet representative quality, it is recom-
mended that these ATC 3-06 shapes be used for
the appropriate site conditions and tectonic re-
gion. Therefore, unless there are special site
conditions, close active sources, or high risk fa-
cilities, these shapes as scaled by the forecasted
site severity values can provide the input spec-
tra for design and analysis. The complete ATC
3-06 method for site severity and response spec-
tra is given in paragraph 3-8. In order to rep-
resent the particular regional attenuation effects
that are indicated when the A, value exceeds the
A, value on the contour maps given in para-
graph 3-8, the spectral shape should be found
using the respective contour map values of A,
and A,, then this shape should be scaled by the
ratio of the forecasted PGA to the contour map
value of A,. The PGA value corresponds to the
hazard level or return period of EQ-I or EQ-II.

f. Factors affecting response spectral
shapes. Asmentioned in paragraph 3-6athere
are several important conditions or factors that
can alter the shape or frequency content of the
response spectrum.
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Figure 3-30. Average acceleration spectra for different site conditions.

(1) Type and duration of fault rup-
ture. Generally the type and duration of the
fault rupture affects the frequency content of
the seismic wave. Various seismological papers
are available which describe the theoretical for-
mulation of the above mentioned dependence.
(Haskell, (Biblio 28, 29): Savage, (Biblio 51)).
According to these models, the seismic wave
characteristic in the time and frequency domain
is a function of the radiation pattern (source
and propagating geometry), seismic moment
(size of the event or energy release level) and
the source mechanism.

(2) Size of event in terms of magnitude or
seismic moment and distance from source to
site. Based on the recorded ground motion
characteristics, many empirical relationships are
available to show the dependence of the re-
sponse spectrum shape on the size of an event,
the distance from the source to the site and the
predominant period (or frequency) of the mo-
tion. Figures 3-32 and 3-33 show such empirical
results. It can be seen from these figures that
the higher frequency components are filtered
out from seismic waves as the distance from the
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source to the site increases. In other words, the
predominant period of motion increases with
distance and size of the seismic event. The en-
gineering implication of this observation is ob-
vious. Taller structures are affected more by large
distant earthquakes than are the shorter (or
stiffer) structures at the same location.

(3) Local site soil conditions. The effects
of local site soil conditions on the frequency con-
tent can be very significant. The response of a
given layered soil media to a seismic bedrock
motion depends heavily on the transfer function
of the soil. Thus, stiffer soils transfer higher
frequency components whereas softer soils
transfer lower frequency components. Exten-
sive studies of the available strong motion ac-
celerograms by many researchers have shown
that the shape of the Response Spectrum changes
with the site condition. There are usually three
classifications of soils: soft alluvium deposits
(soil class 0), intermediate stiff soils (soil class
1) and firm soils or rocks (soil class 2). These
classifications cculd be made on the basis of shear
wave velocities. As a guide to such a possible
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Figure 3-31. 84 Percentile acceleration spectra for different site conditions.
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Figure 3-33. Predominant periods for maximum accelerations in rock.
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classification, the following procedure is rec-
ommended (Vs is the shear wave velocity):

Firm Site: Vs = 450 meters/sec.

Intermediate Stiff: 250 < Vg < 450 meters/
sec.

Soft Alluvium Deposits: Vs < 250 meters/
sec.

Also, for the purpose of this manual, these soil
classes 0,1,2 may be considered to correspond to
the soil types S;, S,, S; respectively, as described
in table 3-5. Figures 3-34, 3-35 and 3-36 taken
from Kiremidjian and Shah, (Biblio 33), show
the effect of the soil conditions on the frequency
content of ground motion. It can be seen from
these figures that for soil class 0, the spectral
peak occurs at higher period than for stiffer

{DAF)
Cd

3.04

2.0

1.0

Dynamic Amplification Factor

27 February 1986

soils of class 2. Under very special conditions,
(such as in Mexico City, where the city is on an
old lake bed), the spectral peak could occur at
a period as long as 1.5 to 2.5 seconds.

(4) Regional geology. This is a most im-
portant effect, not only for the Western United
States where there is a reasonable amount of
strong motion records, but for the Eastern
United States where data is sparse and predic-
tions of future ground motion must be based
upon geological features. The future develop-
ments in ground motion prediction will depend
strongly upon inferred behavior of possible
earthquake source mechanisms, and the corre-
sponding propagation of effects in the general
geological structure. One of the most prominent
characteristics of Eastern United States seis-
micity is the exceptional transmission of peak

mean + one standard deviation

Kiremidjian and Shah

————ee-e~ Seed et al

0.0 T T
0.0 Q.5 : 1.0

1.5 2.0 2.5 3.0

Period T 1in sec.

Reprinted from 'Probabilistic Site-
Dependent Response Spectra," Kiremidjian,
A. 3. and Shah, H. C., Journal of the
structural Division, Proceedings of the
ASCE, Vol. 106, No. ST!l, January 1980, with
permission from the Americun 3ociety of
Civil kEngineers.

Figure 3-34. Comparison of DAF from Kiremidjian and Shah to Seed et al, soil class = 0, damping = 5%.
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A. S. and Shah, H. C., Journal of the
Structural Division, Proceedings of the
ASCE, Vol. 106, No. ST1, January 1980, with
permission from the American Scciety of
Civil Engineers.

Figure 3-35. Comparison of DAF from present study to DAF from Seed et al, soil class = 1, damping = 5%.
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Reprinted from "Probabilistic Site-
Dependent Response Spectra,' Kiremidjian,
A. S. and Shah, H. C., Journal of the
Structural Division, Proceedings of the
ASCE, Vol. 106, No. ST1, January 1980, with
permission from the American Society of
Civil Engineers,

Figure 3-36. Comparison of DAF from present study to DAF from Seed et al, soil class = 2, damping = 5%.
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velocity effects (low attenuation). A represen-
tation of this velocity propagation effect is given
by the ATC 3-06 Spectra for the appropriate
seismic areas of the Eastern United States. This
will be shown in paragraph 3-8. All shape factor
effects are summarized in figure 3-37. When se-
lecting a design earthquake spectrum, the en-
. gineer will consider which of these factors are
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applicable to the site-and how the resulting DAF
shape may coincide with the dynamic frequency
characteristics of the structure.

g. Formulation of effective response spec-
tra. For the cases where the ATC3-06 method
of paragraph 3-8 is to be supplemented or re-
placed by special site information (para 3-3 to
3-6, and perhaps a site response analysis such

Dgf
m, Large
Magnitude )
» T
DAF West *
A
East
Region
. T
DiF Short
Long
Distance
T
Hard
DAR Soft
Soil
5 T

Us Army Corps of Enginecrs

Figure 3-37. Factors effecting spectral shape.
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as SHAKE (Biblio 54), then the mean (or me-
dian) spectral shape (DAF) will be used. The
specified site spectrum will be mean (or median)
PGA times mean (or median) DAF. The mean
DAF values for site soil conditions are given by
Seed, (Biblio 56) and Kirimedjian and Shabh,
(Biblio 33) and these may be supplemented by
the results from a site response analysis. For
example, if one or more spectra are available
from a site response analysis, and or if any ac-
tual recorded event spectra are judged to be ap-
propriate for the site, then these spectra will be
normalized to the mean (or median) PGA value
and averaged with the empirical mean PGA X
DAF shape. The averaging should be based on
a weighted judgement of the relative quality and
applicability of the available spectral informa-
tion, see paragraph C-3f, appendix C.

h. Effective response spectra. In paragraph
3-8e, there is a discussion of the concept of an
effective response spectrum where high fre-
quency (short period) response peaks are re-
duced to represent the absorption or filtering
effect of the actual building size on the short
spikes of ground acceleration input. For the case
of the mean PGA times mean DAF specified in
paragraph 3-6g, it is assumed that this mean
spectrum is the effective response spectrum; the
mean DAF represents both a smoothed or re-
duced peak shape in the short period range and
an average conservative envelope of near and
far event ground motion response in the longer
period range. It therefore provides for the same
effects as discussed in paragraph 3-8e.

3-7 Interpretation and summary.

The various concepts and methods of specifying
ground motion have been presented. This par-
agraph provides discussions of the uncertainty
in forecasted values; and the relation of selected
levels of ground motion to design criteria.

a. Recognition of uncertainty in forecasted
values. Each step in the specification of site
ground motion involves uncertainties due to
empirical relations fitted to limited data; vary-
ing assignment of values to general measures
of magnitude, intensity, and source-to-site dis-
tance; and varying expert opinions. These in-
dividual uncertainties have been discussed in the
appropriate paragraphs dealing with each pa-
rameter necessary for the ground motion fore-
cast. It is intended to assemble these uncertainty
measures so as to describe the total reliability
of a specified site ground motion.

(1) Site severity (PGA). Given the accept-
able hazard in terms of the return period (Tg)

27 February 1986

for the exceedence of structural performance
criteria (elastic design level or functional level)
the corresponding site severity parameter (PGA)
is derived from the following measures of seis-
micity and attenuation:

—Site to source distance (R), for the one or
more sources capable of producing the PGA
at the site.

—Magnitude or source-intensity (M or I,)
necessary to produce PGA at the site.

—The appropriate attenuation relation for
the geotectonicregion and site conditions,
and the relation of PGA to site-intensity.

—The probability model and combinatorial
procedures required for the evaluation of
the PGA corresponding to a given return
period Tk. -

The resulting forecasted PGA is subject to the
uncertainties in the above listed measures. It
can be represented as an estimated mean (or
median) value of PGA. This forecasted mean
PGA is scattered about the true mean PGA (cor-
responding to a given return period) with an
estimated (sampling error) coefficient of vari-
ation V, equal to about 10 to 20 percent.

(2) The envelope quality of a statistical
DAF. The primary source of spectral shape or
DAF information is by the statistical averages
of records from common general categories of
distance (R), magnitude (M), and soil condi-
tions (S). However, in order to have a sufficient
sample size, there is rather wide variation in the
individual record conditions (R, M, S) within
any general category. This individuality causes
a large contribution to the coefficient of varia-
tion Vpar of the DAF; but in terms of forecast-
ing future ground motion, it has the following
useful interpretation. Referring to figure 3-38,
the possible single events at a site can have (for
example) either condition “A” or “B”; corre-
sponding to large magnitude and near source
(“A”) or moderate magnitude and far source
(“B”). The average envelope curve would there-
fore be exceeded only in the case where the ac-
tual event conditions are not enveloped by this
upper curve. Thus, in this example, for periods
less than T,, the envelope is much more con-
servative if conditions “B” were to occur. The
chance that this curve will be exceeded by the
actual future event DAF is the chance of having
both conditions “A” and structural period less
than T,. This would be the product of the two
probabilities of (condition “A”) and of (period
T = T,), and would be small. As a rough, but
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Condition "A"

Condition "B"

DAF Envelope

B!

US Ammy Corps of Engineers

Period T

Figure 3-38. Envelope quality of the DAF shape.

reasonable value, it is assumed that the com-
bined envelope shape would be approximately
equivalent to a 90 percent confidence interval
for a single event spectrum. Therefore, in order
to best represent the fact that the envelope curve
and its simplified design DAF version is an en-
velope of many possible future event conditions,
the design DAF in the next paragraph (3) is
assumed to be equivalent to 90 percent confi-
dence limit.

(3) Smoothed or simplified design DAF.
The mean or median value DAF results directly
from the statistical average of the normalized
(DAF) values from the site-representative
earthquake records. The common range of coef-
ficients of variation is 0.3 to 0.5. However, when
the mean or median DAF values are smoothed
and simplified to provide a design DAF (see ATC
3-06), the final shape represents an envelope for
any of the possible spectral shapes that could
occur at the site. Because of this necessity for
the simplified envelope in order to provide a
practical input (without steep peaks and val-
leys) for dynamic analyses, it is not possible to

describe the design DAF in terms of a central
value and coefficient of variation. It is estimated
that the design DAF represents at least a 90
percent upper confidence limit on the true DAF
that could occur at the site; or in terms of prob-
ability, the probability that a future event DAF
would exceed the design DAF is about 10 per-
cent.

b. Reliability of specified ground motion.
The classical hazard analysis (STASHA) pro-
vides a central PGA value for a given return
period or risk of exceedance. Due to prediction
error, the true PGA for the given return period
has a 50 percent chance of exceeding this central
PGA.

(1) Then, with the recognition that the DAF
shape is a conservative envelope of DAF’s from
near and far events, and assigning a very rough
judgemental probability of 10 percent that the
DAF of any single event would exceed the en-
velope shape, the reliability of the effective de-
sign spectrum (PGA) (Design DAF) is given by,

1 - (0.5)(0.10) = 0.95 or 95%
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While this reliability measure is based on very
subjective measures of uncertainty, it provides
a reasonable description of the actual condi-
tions. In summary, given an accepted return pe-
riod for the forecasted ground motion, there is
only a S percent chance that the design spectrum
would be exceeded. The STASHA program of-
fers a more rigorous and complete method of
establishing the reliability by means of its Baye-
sian Hazard Analysis option, see appendix D.
(2) The effects or consequences of uncer-
tainties and variabilities in specified ground mo-
tion values for a site are best evaluated after
the consideration of the total structural design
process in chapter 4. When the forces and de-
formations in the structural model have been
evaluated for the specified ground motion, then
judgements can be made concerning the effect
of seismic input variations on the performance
of the final design. For example, if critical mem-
bers have high levels of inelastic demand, and
if reasonable variations in input can increase
this demand beyond the failure threshold, then
the designer should strengthen or modify this
part of the structure.
c. Site specific hazard curves. Hazard is de-
fined as the probability of exceeding a given level

A P(PCA> PCA],)= Hazard

1007%

27 February 1986

of site PGA during a given exposure time t, and
where PGA is the forecasted mean or median
value from the hazard analysis. This central
forecasted PGA value is the measure of ground
motion severity and is used (in step V) as the
spectral scaling factor for the site response
spectrum

S. = PGA x DAF,

where the DAF is a reliable envelope shape for
all of the spectral shapes that could be produced
by the events capable of generating the PGA at
the site. Because there may be more than one
source and (or) more than one possible earth-
quake event at different locations on a source,
it is not possible to calculate directly the value
of a PGA having a specified hazard or probability
of exceedence. Several values of hazard P[PGA
> PGA;] must be evaluated for given incre-
mented values of PGA;, and then a hazard curve
is constructed through the plot of the hazard
versus PGA; points; a hazard curve is shown in
figure 3-39. With this curve it is possible to de-
termine the site PGA value corresponding to a
specified hazard value for a given exposure time:
for example, the PGA, for EQ-I having a 50 per-
cent chance of exceedence in 50 years.

50% ¢

PGA

ap PGA

US Army Corps of Engineers

PGA

Figure 3-39. Hazard curve for site PGA with exposure time of 50 years.
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In appendix D, a simplified example 1 shows the
individual steps necessary to calculate one of
the incremental hazard curve points PGA; = 0.20g
for a 50 year exposure time. The other examples,

TM 5-809-10-1/NAVFAC P-355.1/AFM 88-3, Chapter 13, Section A

2 and 3, of appendix D show the more detailed
procedures using the STASHA computer pro-
gram as required for the practical evaluation of
the hazard at a given site.

Section lil. THE ATC3-06 METHOD

3-8 The ATC3-06 method.

This method as documented in ATC3-06 (Na-
tional Bureau of Standards, Special Publication
510) and as prescribed in this paragraph will be
used according to the guidelines in figure 3-1.
The resulting design spectra are to be consid-
ered as the minimum seismic loading criteria.
Where there are exceptional site conditions such
as close source proximity, or highly responsive
soil columns, or if the configuration or use of
the structure is very different or special, then
the hazard analysis methods in paragraphs 3.1
to 3.7 are to be used to supplement these mini-
muim criteria. Any changes from these criteria
are subject to approval by the reviewing agency.

a. Determination of site severity. For a given

(o
L

~—-005

NOTE. THE NUMBERS ON THE CONTOURS ARE VALUES OF EPA IN
UNITS OF ACCELERATION OF GRAVITY,

Reprinted from "Tentative Provisions for
the Development of Seismic Regulations for
Buildings ATC 3-06,' National Bureau of
Standards, Special Publication 510, 1978.

site location the contour maps, figures 340 to
3-43 provide the basis for evaluating the site
severity or scaling factors for EQ-1 and EQ-22.
These figures provide contour values A, and A,
having a 10 percent probability of exceedence in
50 years. Definitions of A, and A, are given in
figure 3—44. Figure 3-45 gives curves that con-
vert the contour values to the A, or A, values
corresponding to the probabilities of exceed-
ence for EQ-I (50% in 50 years) and EQ-II (10%
in 100 years). The value for EQ-I is found where
the contour level curve intersects the 50% prob-
ability line for 50 years. The value for EQ-II is
found where the contour level curve intersects
the 10% probability line for 100 years.

Figure 3-40. Contour map for effective peak acceleration.
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Reprinted from '""Tentative Provisions for
the Development of Seismic Regulations for
Buildings ATC 3-06," Natioral Bureau of
Standards, Special Publication 510, 1978.

Figure 3-41. Contour map for effective peak acceleration.
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ALASKA

J

HAWAI PUERTO RICO

Reprinted from '"Tentative Provisions for
the Development of Seismic Regulations for
Buildings ATC 3-06,'" National Bureau of
Standards, Special Publication 510, 1978.

Figure 3-43. Contour map for effective peak velocity-related acceleration coefficient.
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Reprinted from "Tentative Provisions for
the Development of Seismic Regulations for
Buildings ATC 3-06," National Bureau of
Standards, Special Publication 510, 1978.

Figure 3-44. Schematic representation showing how effective peak acceleration and effective peak velocity are obtained
from a response spectrum.

3-61



TM 5-809-10—1/NAVFAC P-355.1/AFM 88-3, Chapter 13, Section A

27 February 1986
50 100
years years
o.l ] 0.7% (0.005%)
\ \\ J \\
\\ AN \\ “\
\
\ \ % EQ-
oo¢ \; \ \\ - 50% ,EQ-I
\
0.01—"o0 > AN 61%  (37%)
<,
¢(
b
¢
y \_..Qoo —9, —»-Qe-——’-c')y 490% (81%)
g 0.00l1 \\ \\ \ \\ 959, (90%) ,EQ-II
= \ \\ \ ~o8% (96%)
> \ A
2 N \ NV H99%  (98%)
< \\ \ \‘ \ o
0.000t N Y T 99.5% (99%)
\
\\ \ \ ‘
\ \
\
0.0000!

99.95% (99.0%)
0.0l 0.02 0.05 0.l 0.2 05 1.0

A or A in g's
a v

Note: axis on right provides probabilities
of non-exceedence in exposure times of
50 years and 100 years.

Reprinted from “Tentative Provisions for
the beveloyment of Seismic Regulations for
Buildings ATC 3-06," Mationz!l Bureau of
Standards, Special Publication 510, 1978.

Figure 3-45. Annual risk of exceeding various effective peak accelerations for locations on the indicated contours of A,
and A, in figures 3-40 to 3-43.
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(1) Table 34 gives a summary of the re-
sulting A, and A, values for each corresponding
map contour values. These A, and A, values are
to be used to scale the response spectrum shape
DAF as per equations 3-27 to 3-30 in paragraph
3-8c.

(2) Note in figure 345, that any 100 year
probability of non-exceedence can be obtained
by the square of the corresponding 50 year prob-
ability; the occurrence of two successive 50 year
periods of non-exceedence.

(3) Also, even though figure 3-45 was orig-
inally meant to be used for EPA = A, values in
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ATC3-06, the stated probability values are as-
sumed here to be also applicable to the A, val-
ues, such that both A, and A, can be converted
to the EQ-I and EQ-II probability values, at all
locations in the United States. This assumption
is considered valid because any A, value is de-
rived from the A, value at a given map location
and therefore has the same probability value as
the A..

b. Determination of site soil type. The site
soil profile type will be determined and identified
as Sj, Sy, or Sz according to the definitions given
in table 3-5.

Table 34. Map contour and ground motion levels.

ATC 3-06 Design Ground Motion Level Ay or A,
Map Contour and Probability of Exceedance*
Level Aa or Av EQ-I EQ-II
in units of g (50% in 50 years) (10% in 100 years)
(figs 3-40 to 3-43)

0.05 0.02 0.06

0.10 0.04 0.12

0.20 0.08 0.25

0.40 0.20 0.45

* For use in equations 3-27 to 3-30

US Arey Corps of Engineers
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Table 3-5. Site soil profile types.

SOIL PROFILE TYPE S1 is a profile with:

1. Rock of any characteristic, either shale-like or crystalline
in nature. Such material may be characterized by a shear
wave velocity greater than 2,500 feet per second, or

2. Stiff soil conditions where the soil depth is less than 200
feet and the soil types overlying rock are stable deposits

of sands, gravels, or stiff clays.

SOIL PROFILE.TYPE S2 is a profile with deep cohesionless or stiff
clay conditions, including sites where the soil depth exceed 200
feet and the soil types overlying rock are stable deposits of sands,
gravels, or stiff clays.

SOIL PROFILE TYPE S, is a profile with soft-to-medium-stiff clays

3
and sands, characterized by 30 feet or more of soft-to-medium-stiff

clays with or without intervening layers of sand or other cohesionless

soils.

In locations where the soil properties are not known in suffi-
cient detail to determine the soil profile type or where the profile

does not fit any of the three types, Soil Profile S2 shall be used.

Reprinted from "Tentative Provisions for
the Development of Seismic Regulations for
Buildings ATC 3-06," National Bureau of
Standards, Special Publication 510, 1978.
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¢. Determination of the design response spec-
tra. With the known values of A, and A, for
EQ-II and the site soil type (S,, Sz, or S3), the
S percent damped, EQ-II acceleration response
spectrum is given by the following equations;
note that these equations specify constant lev-
els of spectral acceleration S,, spectral velocity
Sy, and spectral displacement S,, within the pre-
Scribed ranges of structural period T (refer to
the spectrum relations given in fig 3-44 and in
para C-2b of appendix C).
For T < 4 seconds:
sa =%Avsi g’s,
(constant S, = 75A.,S,; in/
sec)

(eq 3-27)

but always less or equal to

S. = 25A, g’s (constant S.in g’s.) (eq 3-28)
and

Sa = 2.0A, g’s when S; = 1.5 and A, = 0.30

(eq 3-29)
For T > 4 seconds:
_ 488 ,
S. = —TrAvSi g’s (constant Sy (eq 3-30)
150

=—A.,S; inches)
™

Values for S; are given in table 3-6. These equa-
tions for S, are equivalent to the constant ac-
celeration, velocity, and displacement levels
shown on the general tripartite, logarithm scale
graph in figure 3-46. A specific example is shown
for A, = A, = 0.40 in figure 3-47. Note that
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equation 3-27 differs in form from that of the
base shear equation

_1.2A8,
V=R

given in the ATC 3-06 document. The 1.2 value
is a round-off of the 1.22 value in equation
3-27,the T*® exponent value allows the base shear
equation to represent multi-mode response ef-
fects. The base shear equation is for the equiv-
alent static force method at a single period value
and needs this empirical method of allowing for
the combination of response from all modes.

(1) The 5 percent damped EQ-I Spectrum
is equal to the EQ-II spectrum multiplied by the
ratio of the EQ-I to the EQ-II values given in
table 3—4. Linear interpolation may be used for
values between those given in this table.

(2) The flat plateau for S, as given by equa-
tion 3-28 or equation 3-29 provides a conserv-
ative (high) representation of response for the
higher (higher than first mode) modes of struc-
tural response where the modal periods are less
than 0.2 or 0.3 seconds. However, this conserv-
ative response measure may be excessive for a
Soil Profile Type S;. Referring back to figure
3-30 of paragraph 3-6, the corresponding soft
to medium clay and sand site condition has a
mean spectral shape that rises from the zero
period value to the plateau at about 0.3 seconds.
Higher modes can have periods below this value
and therefore would have S, values lower than
the flat plateau. Following the recommended re-
lation given in the commentary of chapter 5 in
the ATC3-06 (National Bureau of Standards,
Special Publication 510); for the case of Soil

Table 3-6. Soil profile coefficient.

Soil Profile Type

1.2 l 1.5

Reprinted from 'Tentative Provisions for -
the Development of Seismic Regulations for
Buildings AT 3-06," National Bureau of
Standards, Special Publication 510, 1978.
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Us Army Corps of Engineers
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Figure 3-46. Tripartite representation of EQ-IL

Profile Type S, and for modes higher than the
first mode, the S, values may be determined from
a straight line extending from the A, value at
zero period to the plateau at period equal to 0.3
seconds.

d. Consideration of structural damping ratio.
All of the design spectra given in paragraph
3—4c are for structural damping equal to 5 per-
cent of critical damping. These spectra may be
converted to other damping ratios by use of the
factors given in table 3-7. Linear interpolation
may be used to provide factors for intermediate
damping values. The factors in this table are
based upon empirical relations given by New-
mark and Hall, (Biblio 44). The median spectral
shape given in this Biblio (44) is sufficiently close
to the shape in this paragraph, so that the damp-
ing relations are applicable. The table 3-7 fac-
tors represent rounded-off average of the
Newmark values for the constant acceleration
plateau and the constant velocity (1/T) range
of the spectral shape. Since the specified spectra
in this paragraph are formed by various simpli-
fied factors such as the (2.5A,) effective pla-
teau, and the soil type coefficients (Si, Sz, Ss),
the rounded-off average damping factors in
table 3-7 are judged to be consistent with
these other factors. If more accurate values are
desired, then the Newmark and Hall relations
may be used for the median spectral shape,

366

Biblio 44).

e. Representation of the effective response
spectrum. In regions of strong seismicity, and
for site locations near to sources, the response
spectra from the single possible events (pro-
ducing the same site PGA) can either have a
high frequency peak shape for near events, or
have a more constant shape at lower frequen-
cies for a distant large event, see figure 3-48.
The ATC3-06, spectral shape provides a reliable
envelope of the spectra from both near and far
events. Further, the horizontal plateau of (2.5A.,
< 2.5A.,) provides the effective structural re-
sponse spectrum: the high frequency peak re-
sponse values, usually present in near-source
records and spectra would be filtered out by the
structure size, mass, and foundation configu-
ration, and actual structure response is repre-
sented by the plateau level in this high frequency
range. Note that the PGA at the site is the same
for each (near and distant) event. For example,
a PGA = 0.60g may correspond to the ATC3-06
map contour value of A, = 0.40g. It isimportant
to recognize that the EPA = A, = 0.40g = 2/3
(PGA = 0.60g) applies to the effective spectrum
plateau in the high frequency range; the re-
mainder of the spectral envelope corresponds to
the site severity as represented by the fore-
casted central PGA value.
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Figure 347. EQ-II spectra for A, = A, = 0.40, andp = 5%.
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Table 3-7. Damping adjustment factors.

B8 Percent Multiplying Factor for the 5 Percent Spectrum
2 1.25
5 1.00
7 0.90
10 0.80
15 0.70
20 0.60

US Army Corps of Engineers
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Figure 3-48. Effective spectral enveiope.



27 February 1986

f. Representation of regional attenuation dif-
ferences. The ATC3-06 contour maps provide
A, and A, values, and the spectral plateau rule
requiring 2.5 A, < 2.5 A, is a simple yet effective
method of representing the low attenuation rate
of ground motion in some areas of the EUS and
WUS, see figure 3-49. When the map gives A, =
_A,, then the plateau value of 2.5A, extends fur-
ther on the period scale and gives a spectral shape
having larger values in the moderate frequency
range. This represents a preservation of the am-

§>

2.5A where A.> A
/ a a” v
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plitude of moderate frequency ground motion
components, or a low attenuation of these com-
ponents which is characteristic of the wave
propagation in the EUS and in some regions of
the WUS outside of California.

g. Examples using the ATC3-06 method.
(1) Site location. Las Vegas, Nevada. Soil
type S2; S = 1.2 from table 3-6.
(a) Find Map Contour Values:

figure 340, A, = 0.10

l Most WUS Sites

US Army Corps of Engineers

Per;od T

/2.5 Aa

Some EUS
and WUS sltes

T

Figure 3-49. Regional shape difference.
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figure 342, A, = 0.15
(b) Obtain Special Scaling Factors from
Table 3-4:

Using Interpolation,

EQ-I, A, = 0.04, A, = 0.06
EQ-II, A, = 0.12, A, = 0.18
(c) The specified Structural System
Damping Values are given as 5 percent for EQ-
I and 10 percent for EQ-II. Table 3-7 provides
Damping Adjustment Factors of 1.00 for g = 5
percent and 0.80 for B = 10 percent. Using these
damping factors, the Acceleration Response
Spectra are given by equations (3-27) and (3—
28) for T < 4 seconds.

EQ-I
Sa = (1.22/T)A.S; X Damping Adjustment
Factor, ,
= (1.22)(0.06)(1.2) (1.00)/T
= (0.0878/T)g,
but always less or equal to
Sa = 2.5A, X Damping Adjustment Factor
= 2.5(0.04)(1.00)
= 0.10g
EQ-II
Sa = (1.22)(0.18)(1.2)(0.80)/T

(0.211/T) g
but always less or equal to

S. = 2.5(0.12)(0.80)
0.24g

These EQ-I and EQ-II Spectra are shown in fig-
ure 3-50.

(2) Site location. Emeryville, California.
Soil Type S3; S; = 1.5 from table 3-6.
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(a) Find map contour values:

figure 346, A, = 0.40
figure 348, A, = 0.40
(b) Obtain Special Scaling Factors from
table 3-4.

EQ-I, A, = 0.20, A, = 0.20
EQ-II, A, = 045, A, = 0.45

(c¢) The specified structural system damp-
ing values are given as 5 percent for EQ-I and
7 percent for EQ-II. Table 3-7 provides Factors
of 1.00 for B = 5 percent and 0.90 for g = 7
percent. Using these factors with equations (3
27) and (3-29) for T < 4 seconds.

EQ-I
S. = (1.22/T)A,S; X Damping Adjustment
Factor
= (1.22)(0.20) (1.5)(1.00)/T
= (0.366/T)g,
but always less or equal to
S. = 2.0A., X Damping Adjustment Factor
= 2.0(0.20) (1.00)
= 0.40g
EQ-II
S. = (1.22)(.45)(1.5)(0.90)/T

(0.741/T) g
but always less or equal to,

Sa = (2.0)(0.45) (.90)
= 0.81g

(3) These EQ-I and EQ-II Spectra are shown
in figure 3-51. Note that the higher mode tran-
sition spectrum shape is shown for each spec-
trum in the zero to 0.3 second period range.
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EQ-II, 8=10 percent

EQ-I ,/3=5 percent

0.12]
0.10

» T seconds

US Army Corps of Erginesrs
Figure 3-50. Las Vegas, Nevada site spectra for soil type S..

0.81

EQ-II ,[3 =7 percent

0.45

0.40 EQ-I ,[3=5 percent

0.20 |

0.3

0.¢
/ [ ] i 1 T seconds
1.0

2.0 3.0 4.0

US Army Corps of Engireers
Figure 3-51. Emeryville, California site spectra for soil type S;.
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CHAPTER 4
CRITERIA FOR STRUCTURAL ANALYSIS

4-1. Introduction.

This chapter prescribes the dynamic analysis
criteria for the development of a seismic-resist-

“ant structural concept, the determination of the
seismic forces to be applied to the structure, and
the design and analysis of structural members
and connections. The criteria and design stand-
ards for the dynamic analysis approach herein,
for the seismic design of buildings, will be used
only when directed or approved in lieu of the
lateral static forces procedure of the Basic De-
sign Manual. The procedures to determine ef-
fective response spectra for selected risk levels
and site conditions are developed in chapter 3
(e.g., fig 3-3). This chapter provides the struc-
tural performance requirements for the se-
lected risk levels in accordance with paragraph
3-3b.

a. Essential facilities. Criteria set forth in
this chapter have been developed primarily for
the design of essential facilities, as classified in
paragraph 1-1d, that are assigned an I-factor
equal to 1.5 in the Basic Design Manual.

b. High-risk structures. Criteria set forth in
this chapter may be applicable to the design of
high-risk buildings, as classified in paragraph 1-
1d, that are assigned an I-factor equal to 1.25 in
the Basic Design Manual.

c. All others. Applicable portions of criteria
set forth in this chapter may be used as a means
for considering the dynamic characteristics of
irregular structures or framing systems to com-
ply with the Basic Design Manual, paragraph 3—
3(E)3, and as a means for establishing the lat-
eral design forces and distributions by dynamic
analyses to comply with the Basic Design Man-
ual, paragraph 3-3(I).

4-2. General requirements.

a. General. Design and construction will
conform to the provisions of the Basic Design
Manual if not superseded by or in conflict with
the requirements of this manual.

(1) The structural system or type of con-
struction will admit to a rational analysis in ac-
cordance with established principles of mechanics
and dynamics. A continuous load path, or paths,
with adequate strength and stiffness, will be
provided to transfer all forces from the point of
application to the final point of resistance. The
foundation will be designed to accommodate the
forces developed or the movements imparted to
the building by the design ground motions. In

the determination of the foundation design cri-
teria, special recognition will be given to the dy-
namic nature of the forces, the expected ground
motions, and the design basis for strength and
ductility of the structure.

(2) Structures will be designed for dead, live,
snow, and wind and/or seismic forces as given
in the applicable agency manuals and in this
manual. Every building or structure and every
portion thereof will be designed and constructed
to resist the stresses and distortions produced
by the dynamic seismic analysis procedure in
combination with dead and live loads as speci-
fied in this chapter. Where prescribed wind loads
govern the design of some or all structural ele-
ments, the design analysis will be prepared for
both the wind and seismic criteria and the struc-
tural elements will be sized for the most severe
loading condition.

(3) Stresses and deformations will be cal-
culated as the effect of the dynamic analysis
being applied horizontally and coming from any
horizontal direction. The effects of vertical ac-
celerations will also be considered in the design
of horizontal cantilever and horizontal pre-
stressed components.

(4) Materials and details will conform to
the seismic provisions, applicable guide specifi-
cations, and criteria herein, including the seis-
mic reinforcing details in the Basic Design
Manual. The provisions of this chapter apply to
the structure as a unit and also to all parts
thereof, including the structural frame or walls,
floor and roof systems, anchorages and supports
for architectural elements and mechanical and

electrical equipment, and other elements.

b. Definitions. Definitions listed in the Basic
Design Manual, paragraph 3-3(B), will apply to
this manual. Additional definitions are listed in
the glossary.

¢. Symbols and notations. Symbols and no-
tations listed in the Basic Design Manual, par-
agraph 3-3(C), will apply to this manual.
Additional symbols and notations are listed in
appendix A, Symbols and Notations.

d. Dynamic analysis procedure for buildings.

(1) Essential buildings. Essential build-
ings will be designed to resist two levels of
earthquake motion. The first level of motion is
designated EQ-I and the second and larger am-
plitude of motion is designated EQ-II. The lat-
eral-force-resisting structural systems of these
facilities will be designed to resist EQ-I by elas-
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tic behavior as prescribed in paragraph 4-3. The
facilities will be evaluated for their ability to
resist EQ-II by post-elastic behavior with duc-
tility limitations as prescribed in paragraph 4—
4. Guidelines for these dynamic analysis proce-
dures are described in chapter 5.

(2) High-risk buildings. Subject to the di-
rection of the approval authority, high-risk
buildings will be designed by either of the two
following procedures:

(a) Two-level approach. Using two lev-
els of ground motion in accordance with the pro-
cedure described in paragraph (1) above, except
that the forces resulting from the EQ-I spectral
response may be reduced by 15 percent (i.e., use
85 percent of EQ-I responses), unless otherwise
directed. The lateral-force-resisting structural
systems of these facilities will be designed to
resist the modified EQ-I as prescribed in para-
graph 4-3. i

(b) Single-level design. Using the pro-
cedures described in paragraphs (3)(a) or (3)(b)
below using an importance factor (I) equal to
1.25.

(3) Allother buildings. Buildings that are
not classified as essential or high-risk facilities
will be designed in accordance with one of the
following three procedures:

(a) Basic Design Manual criteria with
modified seismic force distribution. Determine
the distribution of seismic forces in accordance
with the modal analysis procedure of paragraph
4-3 with an appropriate response spectrum for
EQ-I. Normalize the resulting forces such that
the net total seismic shear at the base of the
building is not less than the total iateral force,
V, determined from the requirements of the Basic
Design Manual, paragraph 3-3(D), formula 3~
I (ie., V = ZIKCSW). Complete the design in
accordance with the provisions of the Basic De-
sign Manual.

(b) Single-level design with minimum
story shear requirements. Design the structure
to resist EQ-I as prescribed in paragraph 4-3.
However, the net story shears at each story will
be at least 50 percent greater than the story
shears determined from the minimum earth-
quake forces of the Basic Design Manual, par-
agraph 3-3(D). For clarification of this
requirement, refer to paragraph 5-3d(2). In this
procedure, the structure need not be evaluated
for EQ-II.

(c) Two-level approach. Using two lev-
els of ground motion in accordance with the pro-
cedure described in paragraph (1) above, except
that the forces resulting from the EQ-I spectral
response may be reduced by 30 percent (i.e., use

4-2
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70 percent of EQ-I responses), unless otherwise
directed. The lateral-force-resisting structural
systems of these facilities will be designed to
resist the modified EQ-I as prescribed in para-
graph 4-3. In general, this procedure will be used
only for those buildings that may be highly un-
usual or irregular in the distribution of mass or
stiffness or in the configuration of the framing.

e. Lateral forces on structural components and
nonstructural elements of structures.

(1) Essential buildings. All components or
systems that must remain intact or functional
during and after a major earthquake shall be
designed with consideration of the dynamic
characteristics of both the components or sys-
tems and the structure in which they occur. The
accelerations and interstory drifts that are cal-
culated from the dynamic analysis of the struc-
ture will be used, where applicable, to design
components, systems, and their anchorages. For
the design criteria for nonstructural elements,
refer to chapter 6.

(2) High-risk and other buildings. All
components or systems essential to life safety,
which must remain intact during and after a
major earthquake, will be designed in accord-
ance with the Basic Design Manual or the de-
sign criteria for nonstructural elements in
chapter 6.

f. Dynamic analysis procedures for struc-
tures other than buildings. For design criteria
for structures other than buildings, refer to
chapter 7.

4-3. Elastic design provisions.

The structure will be designed to resist the forces
caused by design earthquake EQ-I that has a
S0-percent probability of being exceeded in 50
years, or as otherwise specified by approval au-
thority (see para 1-1c), in accordance with the
criteria prescribed in this paragraph.

a. Method of analysis. The total lateral de-
sign force representing earthquake effects and
its distributions will be determined by a re-
sponse spectrum modal analysis. This require-
ment does not prohibit the use of a properly
substantiated time history response analysis
procedure.

b. Design response spectrum. The response
spectrum.representing EQ-I will be determined
from the methodology prescribed in chapter 3,
section II or III, as applicable. The damping value
will be determined from table 4-1. The require-
ment is that the structure will resist these forces
by elastic, or nearly elastic, behavior. Nearly
elastic behavior is defined in paragraph e below.

Cee va9e 4-5
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Table 4-1. Damping values for structural systems.

Structural System

Structural Steel
Reinforced Concrete
Masonry Shear Walls
Wood

Dual Systems

1. Use the value of the primary, or more rigid, system.

Elastic-Linear

Post Yield

3% 7%
5% 10%
7% 12%
10% 15%
(1) (2)

If both

systems are participating significantly, a weighted value, pro-

portionate to the relative participation of each system, may be

used.

2. The value for the system with the higher damping value may be

used.

US Armv Corps of Engineers

c. Modal analysis methods. For a building
that is regular and essentially symmetrical in
size, shape, and configuration, a two-dimen-
sional model (a vertical plane with vertical and
horizontal movement within the plane) will gen-
erally be sufficient for the modal analysis of the
structure in each of its two horizontal compo-
nents of motion. When a structure is unavoid-
ably not symmetrical in plan (refer to para
1-3a(2) for requirements), has unavoidable dis-
continuities in the vertical or horizontal planes
(refer to para 1-3a(2) for requirements), has
large length-to-width ratios, has flexible hori-
zontal diaphragms, or has other irregularities,
a three-dimensional model will be required for
the modal analysis.

C(1) Two-dimensional (2-D) models. The
modal analysis procedure for two-dimensional
models is outlined in paragraphs (a) through
(i) below. Variations of this procedure may be
acceptable with proper justification and ap-
proval. Additional guidelines are included in
paragraph 54 and design examples are illus-
trated in appendix F.

c())(a) Mathematical model. The building
will be modeled as a system of masses lumped
at each floor level, each mass having one degree
of freedom, that of lateral displacement in the
direction under consideration. The computed
masses will be in conformance with the weights
prescribed in the Basic Design Manual, para-
graph 3-3(D)5. The stiffness of the lateral-force-
resisting system will be determined by estab-
lished methods in accordance with the guide-
lines in paragraph 5-4b of this manual.

c{\) (b) Mode shapes and periods of vibra-
tion. The analysis will include, for each major
axis, all significant modes of vibration with a
minimum of three modes for buildings with 6 or
more stories. The relative significance of higher
modes will be determined by the values of modal
participation factors and modal spectral accel-
erations (see para 54c(2) for additional dis-
cussion). The natural periods and mode shapes
will be computed by established methods of
structural mechanics and in conformance with
the mathematical model described in paragraph
(a), above.
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c(1)(c) Modal story participation fac-
tor. The story modal participation factor will
be calculated for each mode using the equation
4-1:

S W
i=1 8 im
PFxm = = W 2 d)xm (eq 4‘—1)

s ¢im
2 g
i=1

where:

PF.n = Modal participation factor at level x for

mode m.

wi/g = Mass assigned to level i.
bim = Amplitude of mode m at level i.
dxm = Amplitude of mode m at level x.

n = Level n.

It should be noted that some references define
the “modal participation factor” as the quantity
within the brackets in equation 4-1 above. Also,
in some references, ¢ is normalized to 1.0 at the
uppermost mass level and other references will
normalize the value of 3(w/g)d>

C(1)(d) Modal base shear participation fac-
tor. The effective modal weight (or modal base
shear participation factor) will be calculated for
each mode using the equation 4-2:

( % _W_Ld)lm )2 '

= i=1 8 (eq 4-2)
n W; n
> g > Wi )
i=1 i=1 g bim

where:

am = Modal base shear participation factor
for mode m. (a;m = Cpm/Sam Where Cyp,
is the modal base shear coefficient and
S.m is the modal spectral acceleration).

c (i )(e) Modal story lateral forces. The lat-
eral forces for mode m are calculated using the
equation 4-3:

Fxm = PFxmsam"vx

where:

(eq 43)

Fxm = Story lateral force at level x for mode
m.

wx = Weight at or assigned to level x.

Sam = Spectral acceleration for mode m from
the design response spectrum prescribed
in paragraph 4-3b (as a ratio of the
acceleration of
gravity, g).
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C())(f) Modal base shear. The total lateral
force corresponding to mode m is calculated
using the equation 4—4:

Vi = amSamW (eq 44)
where:
Vm = Total lateral force for mode m.

w

Total dead load of the building and ap-
plicable portions of other loads (Basic
Design Manual, para 3-3(D)5)).
c90)(g) Modal shears and moments. Story
shears and overturning moments for the build-
ing and shears and flexural moments for the
structural elements will be computed for each
mode separately, by linear analysis, in conform-
ance with the story forces determined in equa-
tion 4-3.

C (1) (h) Modal deflections and drifts. Modal
lateral story displacements will be calculated
using the equation 4-5:

8xm = PFxmSam = PFymSam(Tm/27)°g

where:

(eq 4-5)

dxm = Lateral displacement at level x for

mode m.

Sam = Spectral displacement for mode m cal-
culated from the response spectrum for
EQ-I

Tm = Modal period of vibration.

The modal interstory drift in a story, Axm, will
be computed as the difference of the displace-
ments, 8ym, at the top and bottom of the story
under consideration (i.e., Aym = 8x + 1ym — Oxm)-
(1) Combinations of modal values. The
combined effects of the individual modal actions
(shears, moments, axial forces, etc.) and defor-
mations (lateral story displacements, interstory
drifts, etc.) for the structure and the members
will be obtained by taking the square-root-of-
the-sum-of-the-squares (SRSS) of the values of
all significant modes. These total values are sub-
ject to modification by other provisions of this
chapter (e.g., torsional, orthogonal, see para
4-3e).
C (2) Three-dimensional (3-D) models. When
a 3-D analysis of a building is used or is re-
quired, some modification to the procedure out-
lined for 2-D models (paragraphs (1) (a) through
(1) (i) above) will be necessary. These modifi-
cations will be most significant for structures
with large eccentricities, for structures that do
not have orthogonal axis of symmetry, and for
structures where the forces are applied from a
direction that is not parallel to one of the major
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axes of the building. Supplementary require-
ments to those for 2-D models are listed below.
Guideline procedures are included in paragraph
5-4.

c2(a) At each floor level, there will be three
degrees of freedom. The primary displacement
will generally occur in the component parallel

“to the direction under consideration. There will
also be a displacement component normal to the
direction under consideration and rotation about
the vertical axis of the building. When the floor
diaphragm is not rigid, the horizontal flexibility
will be considered.

¢~ (b) A minimum of nine modes will be re-
quired in order to include three horizontal modes
in each of the principal directions and three tor-
sional modes. The possible coupling effects of
the various components of motion will also be
investigated.

C. (c¢) Modal story participation factors in
equation 4-1 will be adjusted for 3-D effects (re-
fer to para 54d(2) for clarification).

C+_(d) Modal base shear participation fac-
tors in equation 4-2 will be adjusted for 3-D ef-
fects (refer to para 54d(2) for clarification).

C 72 (e) Modal story lateral forces will have
three components: primary forces in the direc-
tion under consideration, forces normal to the
direction under consideration, and a torque due
to rotational motion.

C7 (f) Modal base shears will have three
components consistent with (e) above.

CA (g) Modal shears and moments will be de-
termined from three components consistent with
(e) and (f) above.

C (h) Modal displacements and drifts will
vary within the horizontal plane of each floor
level as well as along the vertical axis.

C.1.(i) The total forces and deformations for
the structure and the members will be obtained
by an approved method to account for a rational
combination of the modal values.

d. Minimum lateral forces. The story shears
and story overturning moments determined from
the elastic design modal analysis will be com-
pared to the lateral static shears and overturn-
ing moments prescribed by the Basic Design
Manual. If the values obtained from the modal
analysis are less than the values prescribed by
the Basic Design Manual (including adjust-
ments for load factors and stress require-
ments), a reevaluation of the site specification
of ground motion and of the dynamic structural
model will be made and a statement justifying
the lower story forces will be provided in the
design analysis. In lieu of a justifying state-
ment, the forces will be proportioned upwards
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to conform to the base shear prescribed by the
Basic Design Manual. In no case will the total
lateral force at the base of the structure be less
than 3 percent of the total dead load of the build-
ing, W, in zones of high seismicity and 2 percent
in other areas. Zones of high seismicity include
seismic zones 3 and 4 of the Basic Design Manual
and areas where the effective peak accelera-
tions are greater than 0.20 in figures 3-40 and
3-41.

e. Structural component load effects. All
building components will be provided with
strengths sufficient to resist the combined ef-
fects of the seismic forces prescribed herein and
applicable gravity loads. The requirements of
paragraph 4-2d state that the structure will re-
sist the seismic forces by elastic behavior. How-
ever, in some cases, nearly elastic behavior is
applicable.

€.(1) Nearlyelastic behavior. Nearly elastic
behavior is interpreted as allowing some struc-
tural elements to slightly exceed specified yield
stresses on the condition that the elastic-linear
behavior of the overall structure is not sub-
stantially altered. For a structure that has a
multiplicity of structural elements that form the
lateral-force-resisting system, the yielding of a
small number of elements will generally not ef-
fect the overall elastic behavior of the structure
if the excess load can be redistributed to other
structural elements that have not exceeded their
yield strengths. In lieu of a substantiated ana-
lytical procedure, this condition will be consid-
ered satisfied by allowing the following
percentages of exceedance to the elastic capac-
ity requirements of paragraph 4-3f (based on a
linear analysis).

e_@_ a) Ductile framing systems. Ductile
framing systems are defined as those systems
conforming to Basic Design Manual classifica-
tions for K = 0.67 or 0.80. For these systems, a
limited number of the lateral-force-resisting
structural elements in the direction of the force
may exceed the flexural elastic capacity require-
ments of paragraph 4-3f by a value of up to 25
percent (e.g., the load combinations of para-
graph (2) below will be equal to or less than 1.25
times the elastic capacity (EC). The number of
horizontal flexural elements having flexural ov-
erstresses is limited to 20 percent of the hori-
zontal seismic-resisting elements in the direction
of the force on any story. The number of vertical
elements having flexural overstresses is limited
to 10 percent of the vertical seismic elements on
any story.

e ())(b) Other framing systems. Framing
systems conforming to Basic Design Manual
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classifications for K = 1.0 may have a limited
number of the lateral-force-resisting structural
elements in the direction of the force that ex-
ceed the flexural elastic capacity requirements
of paragraph 4-3f by 10 percent (e.g., the load
combinations of paragraph (2) below will be
equal to or less than 1.10 times the elastic ca-
pacity (EC). The number of horizontal elements
having flexural overstresses at any story is lim-
ited to 20 percent and the number of vertical
elements having flexural overstresses at any
story is limited to 10 percent.

e(\Xc) Box systems. Lateral-force-resist-
ing systems that have the Basic Design Manual
classifications with K greater than 1.0 may not
exceed the elastic capacity requirements of par-
agraph 4-3f.

€(2) Design load combinations. The struc-
ture will have the elastic capacity (EC) to resist
the effects of the design load combinations shown
in equations 4-6 and 4-7 (refer to para 54e(l)
for clarification):

EC=1.2D + 1.0L + 1.0E
EC=0.8D + 1.0E

where:

(eq 4-6)
(eq 4-7)

EC = Elastic capacity required to resist the
loads or their effects

D Dead load
L Live Load

E = Earthquake

L(3) Vertical accelerations. The vertical
component of earthquake motion (i.e., up and
down motion) will be considered in the design
of horizontal cantilever and horizontal pre-
stressed elements. For horizontal cantilever ele-
ments, these effects will be satisfied by design-
ing for a net upward force of 0.2D as an additional
load case. For other horizontal elements em-
ploying prestressing, these effects will be sat-
isfied by substituting equation 4-8 for equation
4-7.

EC=0.5D + 1.0E (eq 4-8)

where D represents the member forces due to
the vertical dead weight and E represents those
due to the horizontal earthquake forces (refer
to para 5—4e(1) for clarification). These provi-
sions parallel those of the Basic Design Manual,
paragraph 44c(2)(a).

€(4) Orthogonal effects. In general, the
horizontal design earthquake forces are applied
nonconcurrently in the direction of each of the
main axes of the structure. However, in some

I
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cases a more severe condition may occur when
the force is applied at a horizontal direction not
parallel to the main axes. For some elements of
a building, the effects of concurrent motion about
both principal axes should be investigated. Re-
fer to Basic Design Manual, paragraph 44c¢(1),
for additional considerations.

€(5) Horizontal distribution of forces and
torsional moments. Forces will be distributed
in proportion to the relative rigidities (Basic De-
sign Manual, para 3-3(E)4) and a minimum tor-
sional eccentricity of 5 percent will be applied
(Basic Design Manual, para 3-3(E)5). Guide-
lines and alternative procedures are discussed
in paragraph 54 of this manual.

€(6) Overturning. Structures will be de-
signed to resist the overturning effects in ac-
cordance with Basic Design Manual, paragraph
3-3(F). Guidelines and alternative procedures
are discussed in paragraph 5-4 of this manual.

€(7) Lateral displacements and drift lim-
its. Structures will be designed to limit the lat-
eral displacements and interstory drifts
calculated in accordance with paragraph 4-3cto
the following values:

e('))(a ) Drift. Lateral deflections, or drift,
of a story relative to its adjacent stories will not
exceed 0.005 times the story height for essential
facilities. For high-risk and other buildings, this
limit is 0.007.

e(1)Xb) Building separations. All portions of
structures will be designed and constructed to
act as an integral unit in resisting horizontal
forces unless separated structurally by a dis-
tance sufficient to avoid contact under deflec-
tions from the prescribed seismic action.

f. Elastic capacity criteria. The criteria for
the elastic capacity (EC) provisions herein are
based on yield strength capacities of the struc-
tural components. Thus, the provisions for the
material strengths prescribed in the Basic De-
sign Manual and other applicable agency man-
uals will be upgraded to a yield strength criteria
for seismic forces in combination with applica-
ble gravity loads.

ﬁl) Reinforced concrete design. The cri-
teria used to design reinforced concrete will be
the ACI Building Code (ACI 318 without app A)
as modified in the Basic Design Manual.

(2) Structural steel design. In lieu of a
strength design criteria for structural steel,
working stresses specified in agency manuals for
ordinary or nonseismic construction may be in-
creased by 70 percent (e.g.,

f f f
?a + —I;b—:f + Fb:f < 1.7).
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5: (3) Reinforced masonry design. In lieu of
a strength design criteria for reinforced ma-
sonry, working stresses specified in agency man-
uals for ordinary or nonseismic construction may
be increased by 70 percent (e.g., fo < 1.7F,).
-€(4) Wood design. In lieu of a strength cri-
teria for wood construction, working stresses
‘specified in agency manuals for ordinary or
nonseismic construction may be increased by 100
percent (e.g., f (calculated) <2.0f (allowable)).
(5) Connections. All connections that do
not develop the strength of the connecting mem-

TM 5-809-10—-1/NAVFAC P-355.1/AFM 88-3, Chapter 13, Section A

bers will have a strength reduction factor of
¢ = 0.75. This reduction {actor will be applied
to the yield strength of the connection material.

4-4. Post-yield analysis provisions.

The structure conforming to the design criteria
of paragraph 4-3 will be analyzed to resist the
forces caused by design earthquake EQ-II in ac-
cordance with the criteria prescribed in this
paragraph.

a. Method of analysis. The total lateral de-
sign forces and/or deformations representing

Mmoment-Curvature
Relationshlp in

Elastic Model
poment
N
D
3
Moment-Curvature
Relation for
-g.g inelastic
o~ wn Response
[.-]
EL‘J ”c
_— —— an
b o)
E o2 &
c v E
— > o
sEZ| =
x o 3} Z:
P
v QO
° 8
w o Rotation
Rotation at
Formation of
Plastic Moment
) Maximum Computed
Deformation in
Elastic Structure
' : . . M,
Inelastic Demand Ratio = maximum computed moment in elastic model = "D

elastic moment capacity

u> Army Corps of Engineers

HC

Figure 4-1. Definition of inelastic demand ratios for flexural members.
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earthquake effects and their distribution will be
determined by a response spectrum modal anal-
ysis procedure. Two acceptable procedures are
presented: Method 1, an elastic analysis proce-
dure that evaluates overstresses of individual
elements (para c below); and Method 2, an ap-
proximate inelastic analysis procedure (para d

27 February 1986

below). Either of the two acceptable procedures
may be used; however, these requirements do
not prohibit the use of other properly substan-
tiated inelastic response spectrum methods or
inelastic time-history procedures.

b. Design response spectrum. The response
spectrum representing EQ-II will be determined

DUCTILITY CHECK OF STEEL COLUMNS

1. At a braced location:

]
M

M
— + = fH
pex pcy

2, Stability between braced points:

me Hx .\ cmy HY < u
M M
ucx ucy
where:
P, Hx, and M =
analysis
M =
pcx
M =
pcy
M =
ucx
M =
ucy
M, M =
px PY
] = M [1.07 -
ux px
P , P =
ex ey
P =
cr
c ,C =
mx my
g =

US Army Corps of Engineers

axial load and moments from first order elastic

1.18 Mo [1 - (P/Py)]
asn - e
M {1 - (P/Pcrﬂ [1 - (P/Pex)]

ty - e |- e )]

plastic moment capacities

L/r
Y
3160

v’F_JgM

px

Euler buckling loads for x and y axes
1.7 AF (P/P Zo.5

: a cr .
0.6 - 0.4 (M;/My) 2 0.4

allowable ductility (inelastic demand ratio)

Figure 4-2. Ductility check of steel columns.
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DUCTILITY CHECK FOR CONCRETE COLUMNS

Compression:

M M
x 1B + y pu
M B M
ux uy

M
M_Y‘_-i*‘_x_f#
HUYB MU)(
Tension

mx B u
M M
Yy 18 . o x L I sp
M B M T
my mx u
T
T <05
u
where:
M, M, adT = Moments and net axial tension from elastlic
X analysis
M and M = Uniaxial ultimate momenl capacities from
u interaction diagrams
M and M = Uniaxial ultimate moment capacities in the
mx m : .
absence of axial load
TU = Ultimate tensile capacity of vertical
reinforcement = LA F
S Y
B8 = Coefficient from PCA Advanced Engineering
Bulletin No. 20
L = Allowable ductility {inelastic demand ratio)

US Army Corps of Enginesrs

Figure 4-3. Ductility check for concrete columns.
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from the methodology prescribed in chapter 3
for the earthquake ground motion that has a 10
percent probability of being exceeded in 100 years
or as otherwise specified by approval authority
(see para 1-1c). The damping values will be de-
termined from table 4-1.

¢. Method 1. Elastic analysis procedure. The
structure that was designed in accordance with
the criteria prescribed in the elastic design pro-
visions of paragraph 4-3 will be reanalyzed to
determine its capacity to perform to the de-
mands of the larger earthquake represented by
EQ-II. An elastic analysis procedure that eval-
uates overstresses of individual elements is out-
lined below. Guidelines for this procedure are
presented in chapter 5, paragraph 5-5. Design
examples are illustrated in appendix E.

(1) Perform a modal analysis of the struc-
ture (para 4-3c) using the appropriate EQ-II
response spectrum. The stiffness of the lateral-
force-resisting system and the computed pe-
riods and mode shapes will be established in ac-
cordance with the guidelines in paragraph 5-5.

(2) Calculate the forces on all of the struc-
tural elements. Load combinations are pre-
sented in paragraph d below. These forces will
be defined as the demand forces and denoted
with subscript D (e.g., Mp, Vp, Fp).

(3) Calculate the yield or plastic capacities
of all the structural elements in the same force
units used in paragraph (2) above. These forces
will be defined as the capacity forces and de-
noted with the subscript C (e.g., Mc, Vg, Fc).

(4) Calculate the ratio of the demand forces
to the capacity forces of all the structural ele-
ments. These ratios will be defined as the in-
elastic demand ratios. A graphical illustration
for flexural members is shown in figure 4-1. A
method determining the inelastic demand ratios
for steel and reinforced concrete columns, by
means of ductility ratios, is shown in figures 4—
2 and 4-3. The equations in these figures were
adapted from the general interaction equations
for steel and concrete.

(S) Review the inelastic demand ratios for
uniformity, symmetry, mechanisms, and rela-
tive values. Compare value to limits set forth in
table 4-2. If any of the following conditions ex-
ist, the structure must be analyzed in accord-
ance with Method 2 (para d below) or the
deficiencies must be corrected by a redesign of
the critical elements.

(a) Exceeding the inelastic demand ra-
tios of table 4-2.

(b) Unsymmetrical yielding, on a hori-
zontal plane, that will decrease the torsional re-
sistance.

4-10
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(¢) Hinging of columns at a single story
level that will cause a mechanism.

(d) Discontinuity in vertical elements that
can cause instability or fracture.

(e) Unusual distributions of inelastic de-
mand ratios.

(6) Engineering judgment is required for
the structural evaluation of the post-yield anal-
ysis. If the review of the inelastic demand ratios
satisfies the requirements of paragraph (5)
above, it may be assumed that the inelastic drift
is adequately approximated by the elastic anal-
ysis. Limits for inelastic deformation are gov-
erned by paragraph 4-4e. Guidelines are provided
in paragraph 5-5.

d. Method 2: Capacity spectrum method. A
step-by-step approach is used to approximate the
inelastic capacity of the structure. This capacity
is compared by means of ‘a graphical procedure
to the demands of the EQ-II response spectrum.
Guidelines for this procedure are presented in
paragraph 5-5. Design examples are presented
in appendix E. A general outline of the proce-
dure follows:

(1) By use of a modal analysis, determine
the level of excitation that causes first major
yielding of the structure (see paragraph e below
for load combinations).

(2) Revise the stiffness or resistance char-
acteristics of all structural elements that are
within 10 percent of their yield capacities to rep-
resent a plastic hinge.

(3) Apply additional lateral forces to the
structure, by means of a modal analysis, until
an additional group of structural elements
reaches their yield capacities.

(4) Repeat the above until the combined re-
sults reach an ultimate limit (e.g., a mechanism,
instability, or excessive distortions) (see para e
below for evaluation criteria).

(5) Convert the results into a capacity curve
based on the periods and spectral accelerations
for the fundamental mode of vibration.

(6) Graphically compare the demand of the
EQ-II response spectrum to the capacity of the
structure. .

(7) Approximate the lateral deformations
and compare to the drift limits of paragraph e
below.

e. Evaluation criteria. The structure will be
evaluated for its ability to resist the combined
effects of the seismic forces prescribed herein
and the applicable gravity loads within the pre-
scribed lateral distortion limits.

(1) Load combinations. The demands on
the structure will be equal to the combined ef-
fects of the dead (D), live (L), and seismic (E)
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Table 4-2. Inelastic demand ratios.

Building System Element Essential High Risk Others
Steel DMRSF Beams 2.0 2.5 3.0
Columns* 1.25 1.5 1.75
Braced Frames Beams 1.5 1.75 2.0
Columns* 1.25 1.5 1.75
Diag. Braces** 1.25 1.5 1.5
K-Braces*** 1.0 1.25 1.25
Connections 1.0 1.25 1.25
Concrete DMRSF Beams 2.0 2.5 3.0
Columns* 1.25 1.5 1.75
Concrete Walls Shear 1.25 1.5 1.75
Flexure 2.0 2.5 3.0
Masonry Walls Shear 1.1 1.25 1.5
Flexure 1.6 1.75 2.0
Wood Trusses 1.5 1.75 2.0
Columns* 1.25 1.5 1.78
Shear Walls 2.0 2.50 3.0
Connections 1.25 1.50 2.0
(other than
nails)

*In no case will axial loads exceed the elastic buckling capacity.

**Full panel diagonal braces with equal number acting in tension and compression

for applied lateral loads.

**+K_bracing and other concentric bracing systems that depend on.compressio..
diagonal to provide vertical reaction for tension diagonal.

US Army Corps of Engineers

loads shown in equations 4-9 and 4-10:
Demand =D + L* + E (eq 4-9)
Demand = D + E (eq 4-10)

where the live load (L*) is equal to a realistic
estimate of the actual live load. The value of L*
may be as low as 25 percent of the design live
load (L).
(2) Lateral displacements and drift limits.
(a) Drifts. Interstory drifts will not ex-
ceed 0.010 times the story height for essential
faciities. For high-risk buildings and all other
buildings, the limit is 0.015.
(b) Building separations. Under the
conditions of these requirements, some contact
between buildings is acceptable if it can be shown

that the effects of pounding will not cause loss
of function, instability of the affected portion
of the structure, or hazard to life-safety. For
example, if all the floors of adjacent buildings
are in vertical alignment with each other, then
the pounding associated with the extreme con-
ditions of EQ-II might cause only some minor
local damage to the material in contact. How-
ever, if the floor of one building was in align-
ment with mid-height of columns in the adjacent
building, pounding could cause column insta-
bility due to buckling and P—delta effects. If some
contact is acceptable for EQ-II, the minimum
separation between buildings will be governed
by the requirements for EQ-I as prescribed in
paragraph 4-3e(7) (b). If contact is to be avoided

4-11
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for EQ-II, the minimum separation between
buildings will be governed by the combined max-
imum displacements of the adjacent buildings
due to the seismic actions of EQ-II. The maxi-
mum story displacements, at respective loca-
tions, may be combined by the square-root-of-
the-sum-of-the-squares to determine the mini-
mum separation.

(c) P-delta effects. The secondary ef-
fects of the lateral displacements (delta) com-

4-12
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bined with the gravity forces (P) will be
investigated.

(3) Structural materials and details.
Structural elements and connections will con-
form to the requirements of the Basic Design
Manual and will be evaluated for their ability
to sustain the implied ductility demands of the
post-yield analysis procedures.
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CHAPTER 5
STRUCTURAL DESIGN PROCEDURE

5-1. Introduction.

This chapter describes general procedures for
the design and analysis of buildings to resist the
earthquake lateral forces specified in chapter 4,
Criteria for Structural Analysis. Guidelines are
provided for a dynamic analysis approach to
seismic design of buildings. Guidelines for con-
ventional static force procedures are provided
in the Basic Design Manual, chapter 4.

5-2. Preliminary design considerations.

a. Design response spectra. Before proceed-
ing with the design of a building by means of a
dynamic analysis approach, geotechnical data
will be required to determine the design ground
motion and foundation design criteria. The
methodology for specifying the ground motion
and site-specific response spectra for a partic-
ular site is prescribed in chapter 3, Specification
of Ground Motion. Unless otherwise specified by
approval authority (para 1-1c), the following
criteria will apply:

(1) EQ-I response spectrum. The re-
sponse spectrum representing EQ-I has a 50-
percent probability of being exceeded in 50 years.

(2) EQ-II response spectrum. The re-
sponse spectrum representing EQ-II has a 10
percent probability of being exceeded in 100 years.

(3) Damping. Damping values will be as
indicated in table 4-1.

b. Selection of structural system. The pos-
sibility of structural damage and collapse can
be minimized by effective structural planning.
For general guidelines to the selection of the
structural system, refer to the Basic Design
Manual, paragraph 2-8. The objectives of effec-
tive structural planning are to maintain sym-
metry, minimize building torsion, provide direct
vertical paths for lateral forces, and to provide
proper foundations. A continuous load path, or
paths, with adequate strength and stiffness that
will transfer all forces from the point of appli-
cation to the final point of resistance must be
provided. The foundations must be designed to
accommodate the forces developed or the mo-
ments imparted to the building by the design
ground motions. Additional discussions on tech-
niques of seismic design, path of forces, and de-
sign of foundations are covered by the Basic
Design Manual, paragraphs 2-9, 4-4d, and 4-8.

c. Capacities of buildings to resist demands
of earthquakes. The ability of structures to re-
sist the excessive accelerations and deforma-

tions of severe earthquakes is not directly
proportional to the equivalent design seismic
forces or to the amplitudes of the peak ground
accelerations of earthquakes. The design
strength of a structure is governed by a com-
bination of lateral-force criteria (e.g., wind and
earthquake) and gravity load criteria (e.g., dead
and live loads). Some of the excess capacity built
into the gravity load design will be available to
resist lateral forces. In addition, if the structure
has ductility and/or redundancy, it will respond
to excessive lateral forces in an inelastic man-
ner thay may result in demands that are less
severe than the demands applied to a fully elas-
tic structure. This can be explained by the de-
crease in stiffness due to inelastic action, which
lengthens the effective period of vibration, and
by the increase in energy absorption and the
reduction in response amplification due to in-
elastic action. These effects are represented by
alonger structural period together with a larger
value for effective damping. These relationships
are illustrated in figures 5-1, 5-2, and 5-3.

d. Foundation capacities to resist demands of
earthquakes. The geotechnical and/or soils
foundation consultant will establish criteria
based on ultimate capacities of the soils to resist
the effects of short-term seismic loading con-
ditions in combination with the long-term grav-
ity loading. For load combinations with EQ-I,
the soil capacities must be sufficient to provide
resistance essentially within the elastic limits
of the soil. A factor of safety of 2 on the ultimate
capacity is recommended. For load combina-
tions with EQ-II, the soil capacity must be suf-
ficient to prevent sudden failure of the soil. Some
minor differential movement due to soil defor-
mation is acceptable under the conditions of

EQ-IIL

5-3. General design procedures.

The scope of this chapter covers design proce-
dures for three general classifications of struc-
tures: essential facilities; high-risk; and all other
buildings. A general flow chart is shown in table
5-1. Outlines of the general procedures for each
of the three classifications are presented in ta-
bles 5-1a, 5~1b, and 5-1c, respectively.

a. Initial trial design. In many cases, a build-
ing designed in accordance with the static force
procedure of the Basic Design Manual will sat-
isfy the requirements of the dynamic analysis
procedure of this manual with little or no mod-

5-1
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Gravity/Seismic-Load Relationships. Becsuse of the relationshipe between
gravity loads (dead load (DL) and live load (LL)) and Isteral forces (seizmic

loads), the stresses [n the structural elements are not dir

ectly proportional to

the seismic forces. For example, if the lateral forces are tripled, the combdined
stresses in the structural elements will not necesxsarily tripie because the dead
load and live load stresses will remain essentially constant,

To f{llustrate these relationships, sample ealculetions, which axsume & beam
with negative bending moments at the supports of ~100 k-{t, are chown below:

1. Negative seismic bending moments at end of beam.

&.  Design Bending Moments:
DL + LL
Seismie
Total Design Moment

- b.  Triple Seismic Forces:
DL + LL
Relsmic
Total Beam Bending Moment =

"

c.  Ratio of Triple Seismic Forces to Design Forces (b ¢ ak
1.87 < 3.00

250 ¢ 150 =

<100 k-t
- 30 k-ft
-150 k-Tt

~100 k-t
2180 k-ft
=250 k-1

2.  Positive seismic bending moments at end of beam,

a.  Design Bending Moments (consider DL moment only)

0.9 DL = 0.9 (-70) =
Seismic =
Net Moment (no load reversal) =

b.  Triple Seismic Forcesx
0.8 DL =
Selsmic
Net Moment (Reverses to =
positive bending moment)

83 k-t
50 k-ft
13 kTt

- 83 k-ft
150 k-ft
87 k-t

e.  Ratio of Triple Selsmic Forces to Design Forces:
Case &z No positive bending moment
Case x 87 k-ft positive bending moment

$7 ¢+ 0 =

3. Axial forces on a calumn.

a.  Design Axdal Forces:

0.9 DL > Seismic Axial Force

e (infinity)

Therefore, no tension in column

b. Triple Seismie Forces:

0.9 DL < Seismic Axial Force

Therefore, there is tension in eolumn

¢.  Ratio of Triple Seismic Forces to Design Forces, dmliar

to Semple 2, Is equal to infinity,

Reprinted from "An Investigation of the
Correlation Between Earthquake Ground
Motion and Building Performar.ce, ATC-10,
U.S. Geological! Survey, 1982.

Figure 5-1. Gravity/seismic load relationships.
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Dvnamic Struciural Characteristics. Because of the rejetionshipe hetween
dvnamic characteristics of structures snd the dynamic properties of geismi~
ground motion, the effective forces applied to the structure are nnt directiv
proportional to the peak grounc acceleration of the rarthquake. The perinds
of vibration of a building, as well as the effective damping of the structure
will vary with the amplitude of motion. For exainple, a building will respond =t
a certain period and damping value for 8 moderate earthquake in an elastic
manner. For an earthquake two times larger {e.g.. response speetra with twiee
the spectral accelerations), some structural elements mav exceed their elastic
limits, the period of vibration will be slightly longer and the dainping will
increase; thus, the spectral acceleration for the lsrger earthquake will be les<
than twice the wvalue of the moderate earthquake. The=e relationships are
illustrated in sample response spectra shown in Figure 1 and are summerized
below:

1. The sample building responds elastically at Point A {Sq =
0.8 g), for earthquake E-Q-1 at 5% damping (Peak ground
acceleration, Ag, is 0.3 g

2. If the building remained elastic for Ag equal 0.6 g, the building
would respond at Point B (S; = 1.6 g) for earthquake E-Q-Z.
But the building does not remain elastic because some
structural elements yield.

3. The fundamental building period shifts from 0.5 seconds to an
effective value of 0.7 seconds due to stiffness degradation.
Due to inelastic response and energy absorption, the effective
damping increases from 5% to 10%. Thus, the sample building
has & peak response at Point C (Sg = 1.1) for earthquake E-Q-2.

4. Therefore, the peak response of the builcing is 40% greater
(1.1 g vs. 0.8 g) for an earthquake ground acceleration twice
as large (0.6 g vs. 0.3 g).

Structures with degrading stiffnesses are extremely sensitive to the time factor
in earthquake behavior. Reduction in stiffness ocecurs in reinforced concrete
when cracks, which open during an inelastic loading cycle, do not close on the
reverse cycle due to elongation of the tension steel. This reduces the effective
cross section and the corresponding stiffness. As a result, the fundamental
period of vibration will tend to lengthen and the damping will tend to incresse,
which will increase dissipation of the seismic input. If the period elongation
and the damping increase can reduce the seismic input at a faster rate than
the reduction in stiffness, the structure will survive. It will simply readjust
jtself so that it is oscillating in an elastic manner about & new equilibrium
position having & reduced stiffness and an increased demping. If geometrical
effects of the vertical axial loads also contribute to the reduction in latersl
stiffness, however, the stiffness may reduce faster than the seismic input. In
this case, structural failure may result. In either case, the duration of strong
ground shaking is the critical factor.

Reprinted from "An Investigation of the
Correlaticn Between Ecrthquake Ground
Motion and Building Performance," ATC-1C,
U.S. Geological Survey, 1982.

Figure 5-2. Dynamic structural characteristics.
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} Sample response spectra for figure 5-2

_ B
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S
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Reprinted from "An Investigation of the
Correlation Between Earthquake Ground
Mction and Building Performance," ATC-10,
U.S. Geological Survey, 1982.

Figure 5-3. Nonproportional relationship between peak ground acceleration and spectral acceleration.
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Table 5-1. Seismic design procedures.
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Essential Buildings High-Risk Buildings All Other Buildings
Option* Minimum Minimum Option* Option* Minimum
) Y 4

| Seismic Design Basic Design Seismic Design Basic Desigr

! Guidelines {SDGY) Manual (BDM) Guidelines (SDG) Manual (BDM)

H (para 3-3) !
(paras 1-1b and paras |paras (para 3-3) !
1-1d(2)) 1=1.511=1.25 1-1b & {1-1b & —

( 1-14(3) 1-14(4) 1=1.0 {

£

! { 1 '
Irregular Buildings I Irregular Buildings
Tatle 5-1a (BDM para 3-3(E)3) Table Table (BDM para 3-3(£)3)
Sap® S A 5-1b 5-1c :
Option® My 51 = 1.25 Option Option* 1:1.0
Minimum
—_— ]
| General ;
t SDG para 4-2d(3)(a) General .
(paras 4-1 | Minimum
and 4-2) __J (paras 4-1 |
and 4-2) !
Option* Option* Option*
&

. , {

i EQ-1 [Ground Motion

| Elastic Response [° — (Chapter 3) Two-Level Single-Level Basic Desiagn

Manual Pro-

I (paras 4-3 and High-Risk High-Risk cedure Modified

i 5-4) I~ e T T

— g (para 4-2d(2)(a)) (paras 4-2d(2)(b)| | (paras 6-2d(3)(a)

and 5-3(c)) and 5-3d(1))
85% £0-1 S
- i 1 =1.25
! A1l Others It i
1
- (para 4-2d(3)(c))
1
- 70% EQ-1
| Eq-11 = £

Post-Yield
Response

paras 4-4 and

|
|
L
L75-5)

Ground Motion
(Chapter 3)

L 4
rAH Other Bldgs

9

Method 1

{paras 4-4c
and 5-5a)

U.S. Army Corps of

p

Method 2

(paras 4-4d
and 5-5b)

Engineers

(paras 4-2d(3)(b) |
and 5-3d(2))

*"Option” requires approval of cognizant

agency (see para 1-1b))

Note:

A1l paragraph references are to this

document unless indicated as "BDM"
for Basic Design Manual



Table 5-1a. Seismic design of essential facilities.

Classification of building
General requirements
Dynamic 'nalysis procedure

EQ-1

Select response spectrum
Select structural system:
Initial trial design
Modal analysis

Minimum lateral forces
Drift limits

Load combinations
Structural components
Orthogonal, torsion, overturning
Foundations
Nonstructural

EQ-I1I
Select response spectrum
Analysis procedures:
Method 1
Method 2
Load combinations
Drift limitations and P-8 effects

Structural components
Foundations

US Army Corps of Ené;ineers

TM 5-809-10-1/NAVFAC P-355.1/AFM 88-3, Chapter 13, Section A

Requircments

4-1a
4-2a
4-2d(1)

4-3b
4-2a(1)

4-3¢C

4-3d

4-3¢(7)
4-3e(2),(3)
4-3e(1),4-3¢F
4-3e (4) > (5) > (6)
4-2a(l)
4-2e,6-2

4-4b

4-4c
4-44
4-4e(1)
4-4e(2)

4-4e(3)
4-2a(1)

27 February 1986

Procedure

3-6,3-8,5-2a(2)

5-5a

5-5b

5-5a(3)
5-4£,5-5b(2) (h),
5-5¢,5-5d
5-5a(4),5-5b(2)
5-2d
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Table 5-1b. Seismic design of high-risk buildings.

Requirements Procedure
Classification of building 4-1b
General requirements ) 4-2a
Dynamic analysis procedure 4-2d(2) . 5-3
Two Level Approach 4-2d(2) (a)

Same as essential facilities (Table 5-la) except the following:

EQ-1
Response spectrur 85% of EQ-I, 4-2d(2)(a)

Drift limits Increase 40%, 4-3e(7)

EQ-11 ,

Drift limits Increase 50%, 4-4e(2)
Inelastic demand ratio High-risk column of table 4-2

Single Level Design

Same as Basic Design Manual Procedure with modified seismic force
distribution and Single level design for EQ-I with minimum story
shear requirements for other buildings (Table 5-1c).

Minimum lateral forces governed by Basic Design Manual will be 25%
higher because the I-coefficient equals 1.25.

US Ammy Corps of Eagineers
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Table 5-Ic. Seismic design for other buildings.

Llassification of building
General requirements
Dynamic analysis procedure

Requirements

4-1c
4-2a
4-2d4(3)

Prozedure

Basic Design Manual Procedure with modified seismic force distribution

General

Response spectrum EQ-I
Select structural system
Initial design

Mndal analysis

Minimum lateral force
Normalize modal analysis
Final design

4-2d(3) (a)
4-3b

Basic Design
Basic Design

. 4-3c

Basic Design
4-2d(3) (a)
Basic Design

5-3d

Manual
Manual

5-3d(1)
Manual

5-3d (1)
Manual

Single level design for EQ-I with minimum story shear requirements

General

Response spectrum EQ-1I
Select structural system
Initial trial design
Modal analysis

Minimum lateral force
Drift limits

Load combinations
Structural components
Orthogonal, torsion, overturning
Foundations

Two level approach
General

Same as essential facilities except

EQ-1I
Response spectrum

Drift limits
EQ-II

Response spectrum
Drift limits

Inelastic demand ratio

US Army Corps of Engineers

4-2d(3) (b)
4-3b
Basic Design

Basic Design Manual

4-3c
4-2d4(3) ()
4-3e(7)
4-3e(2)(3)
4-3e(1),4-3f

4*36(4) s (S) ’(
4-2a(l)
4-2d(3) ()

for the fello

70% of EO-1]
4-2d4(3)
Increased 40%
4-3e(7)

4-4h
Increased 50%
4-4e(2)

Table 4-2

5-3d(2)

Manual
5-3a

5-3d(2)

6)
5-2d,5-4h

5-3d(3)

wing:

5-3d(2)(a)

5-3(d)(3)(b)

(2)
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ifications. The primary purpose of the proce-
dures of this manual is to provide a more rational
approach to the fulfillment of the intent of the
Basic Design Manual. The initial selection of trial
structural member sizes can be made in a man-
ner similar to that of conventional static design
procedures, as outlined in the Basic Design
. Manual. Following is a suggested procedure for
the initial design. An alternate procedure is out-
lined in paragraph (2) below.
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(1) Code comparison concept.

(a) Compare the EQ-I design spectrum
with the curve representing the static base shear
coefficients ZICS. For example, the EQ-I spec-
trum may be similar to the 5-percent curve in
figure 2-8. The ZICS curve may be similar to the
T, = 1.0 curve in Basic Design Manual figure
4-3, with the C x S values multiplied by 1.5 to
account for Z = 1.0 and I = 1.5. An example of
these two curves is shown in figure 5-4.

_— Assume peak extends to
e T =0 for lst mode

0.3

or ZICS

S

@ |
0.2 [
ZICS = 0.175

/ /—Uso. for higher modes only

~——EQ-I, 5% damped design response
spectrum from Figure 2-8

0.1 —
Base coefficients ZICS for
Z=10,1=1.5,and T 1.0 sec
(from Basic Design Manual, Fig. 4-3
and Table 4-3)
0 1 | | | ! !
0 1.0 2.0 3.0

T (PERIOD), sec

US Army Corps of Engineers

Figure 54. Sample EQ-I spectrum and ZICS curve.
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(b) Estimate the period of the funda-
mental mode of vibration of the structure by
methods described in the Basic Design Manual.
For example, the period of a 7-story frame struc-
ture may be estimated at 0.IN = 0.7 seconds, as
illustrated in figure 54.

(c) Compare value of S, of EQ-I with ZICS
for the estimated building period.

1. If S, is roughly 2 times ZICS or less,
the static design procedure will probably result
in a reasonable initial design. The factor of 2 is
based on a combination of load factors, partic-
ipation factors, and underestimation of the
building period.

2. If S, is substantially greater than 2
times ZICS (e.g., 3 to 4 times), the initial static
design should be based on a porportionately
higher value of ZICS.

(2) An alternate procedure is to estimate a
yield level base shear coefficient directly from
the EQ-I spectrum.

(a) Estimate the fundamental period of
vibration.

(b) Determine the value of S, from the
EQ-I response spectrum.

(c) Estimate the fundamental base shear
participation factor, o (para 4-3c¢(1)(d)), from
the following:

S stories: « = 0.80
4 stories: o = 0.83
3 stories: a = 0.86
2 stories: a = 0.90
1story: o« = 1.00

(d) Estimate the base shear coefficient by
multiplying S, by a.

(e) Use the base shear coefficient to es-
timate lateral forces on the building in the same
manner used in the static design procedure. Use
these forces initially to size the structural mem-
bers; however, the capacities will be on the basis
of yield strength in lieu of allowable stresses.

(f) If S, is not significantly greater than
ZICS (e.g., 50 percent greater), refer to para-
graphs 4-3d and 5-4j for minimum lateral force
requirements.

b. Dynamic analysis procedure for critical and
essential buildings. Critical and essential fa-
cilities will be designed to resist two levels of
earthquake motion as prescribed in paragraph
4-2d(1). The procedure is described in para-
graphs 54 and 5-5.

¢. Dynamic analysis procedure for high-risk
buildings. High-risk buildings will be designed
in accordance with either a two-level approach
or a single-level design, as prescribed in para-
graph 4-2d(2). The choice will generally depend
on the seismic severity of the site, type of build-
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ing, criteria established for other buildings at
or near the site, and the decision of the approval
authority. For example, the building may be part
of a large hospital complex that has essential
facilities as well as high-risk buildings. The de-
signer will have site ground motion specification
data available and will have had to develop dy-
namic two-level approach procedures for the es-
sential facilities. Therefore, the premium for
designing the high-risk building in accordance
with the two-level approach may be insignifi-
cant. In another example, the building may have
unavoidable irregularities that generate con-
cern about the ability of the structure to sat-
isfactorily sustain a major earthquake without
serious damage. Thus, a two-level approach may
be justifiable. In a third case, the building may
be the only building at a site where ground mo-
tion specification data are not available and
where no other special conditions exist that
would justify the additional effort of a two-level
approach. Therefore, a single-level design pro-
cedure is adequate.

(1) Two-level approach. The procedure is
the same as used for essential structures with
the following exceptions:

(a) The EQ-I response spectrum is re-
duced by 15 percent (para 4-2d(2)(a)). The ef-
fect of this reduction is that the structure will
remain elastic for ground motion less than that
specified by EQ-I or, conversely, that some dam-
age will be accepted for the EQ-I ground motion.

(b) The drift limits for EQ-I (0.007) and
EQ-II (0.015) are less severe (paras 4-3e(7) and
4-4e(2)).

(c) The limits on inelastic demand ratios
are less severe (table 4-2).

(2) Single-level design. The procedures are
the same as used for all other buildings in par-
agraphs 4-2d(3) (a) and (b) with the exception
that the minimum values will be calculated on
the basis of I = 1.25. The procedures are de-
scribed in paragraphs d(1) and d(2) below.

d. Dynamic analysis procedure for all other
buildings. Three alternative procedures are
prescribed in paragraph 4-2d(3): Basic Design
Manual criteria with modified seismic force dis-
tribution; single-level design with minimum story
shear requirements; and two-level approach. The
choice will depend on the data available and on
particular requirements of the facility. Para-
graphs 4-2d(3) (a) and (b) are both single-level
design procedures. These procedures will gen-
erally be sufficient for most buildings. Para-
graph 4-2d(3)(c) is a two-level approach. This
procedure may be required by the approval au-
thority for buildings that have unavoidable highly
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irregular configurations or other unusual con-
ditions.

(1) Basic Design Manual criteria with mod-
ified seismic force distribution (para 4-2d(3) (a)).
This procedure uses the modal analysis method
to determine the distribution of lateral forces
along the height of the structure in liew of the
distribution determined from Basic Design
‘Manual equations 3-6 and 3-7. For buildings with
large differences in lateral resistance or stiff-
ness between adjacent stories, the differences
between the two methods can be significant. The
modal analysis procedure requires a response
spectrum. The EQ-I response spectrum is pre-
scribed. However, if data are not available for
EQ-I, a standardized shape for a response spec-
trum may be substituted (e.g.,an ATC 3-06 spec-
trum). The amplitude of the peak ground
acceleration is not significant because the re-
sults are later normalized to equal the base shear
determined in the Basic Design Manual. There-
fore, this procedure has the advantage of not
requiring site specific earthquake data. A sum-
mary of the procedure follows:

(a) Determine the story shears, story
overturning moments, story accelerations, story
displacements, and interstory drifts by means
of a response spectrum modal analysis in ac-
cordance with paragraph 4-3. This includes the
total lateral force at the base, V1 = VIV_2. If
data to develop the EQ-I response spectrum are
not available, the equations in paragraph 3-8¢
may be used to determine values for S,. Any
single value may be used for A, and A, (e.g., A,
= A, = 0.20), because the base shear normali-
zation process prescribed in paragraph (d) be-
low will equalize the results. The soil profile
coefficient, S;, will be determined from table
3-6 in conformance with the decriptions in table
3-5.

(b) Determine the total lateral force,
V = ZIKCSW, in accordance with the Basic De-
sign Manual.

(c) Calculate the ratio, R,, of the Basic
Design Manual base shear to the modal analysis
base shear:

R, = ZIKCSW/VIV,Z (eq 5-1)

(d) Multiply all the values in paragraph
(a), above, by R,.

(e) Use the resulting story shears and
overturning moments to design the building in
accordance with the provisions of the Basic De-
sign Manual.

(f) Use the story accelerations to com-
pare with the coefficients ZIC, of Basic Design
Manual equation 3-8. The larger of the two val-
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ues will be used for the design of elements of
structures.

(g) Use the interstory drifts to determine
conformance with the Basic Design Manual drift
provisions.

(2) Single-level design with minimum story
shear requirements. This procedure provides for
a single-level modal analysis of the structure to
withstand the actions of EQ-I in conformance
with paragraph 4-3. However, a lower limit equal
to 1.5 times the Basic Design Manual is specified.
The 1.5 value is used to account for the differ-
ences between working stress or load factor cri-
teria used in the Basic Design Manual and the
yield strength criteria used for EQ-I. This pro-
cedure can result in significantly larger forces
than the procedure described in paragraph (1)
above, if the site specific earthquake, EQ-I, so
indicates. In some cases, the analysis for EQ-I
may result in lower force levels than those ob-
tained from paragraph (1) above. However, the
lower limit of 1.5 times the Basic Design Manual
will generally keep the capacity of the resulting
structure from being less than that of the struc-
ture designed in accordance with paragraph (1)
above. A summary of the procedure follows:

(a) Complete the modal analysis pre-
scribed in paragraph 4-3 for EQ-I. List all the
combined modal story shears.

(b) Determine all the story shears as pre-
scribed in the Basic Design Manual.

(c) If any story shear determined in par-
agraph (a) is not at least 1.5 times the corre-
sponding story shear listed in paragraph (b),
increase all values determined by modal analysis
proportionately to satisfy this requirement. For
example, the modal analysis gives a third-story
shear equal to 14 kips, and the Basic Design
Manual method gives a third-story shear equal
to 10 kips. The ratio is 1.4, which is less than 1.5.
Therefore, multiply all values in the modal anal-
ysis by 1.07 (1.5 = 1.4 = 1.07).

(d) Use the revised values to complete the
design of the building in accordance with the
provision of this manual to resist EQ-I. The
structure need not be evaluated for EQ-II.

(3) Two-level approach. This procedure is
the same as that used for essential facilities (ex-
ceptions in paras (a), (b), and (c), below) and
is substantially more complex than the proce-
dures in paragraphs (1) and (2) above, it will
only be used under special conditions, as di-
rected by the approval authority, such as for
highly irregular or unusual buildings. The dis-
cussion in paragraph 5-3con the use of the two—
level approach for high-risk buildings also ap-
plies. The procedure for the two-level approach
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is described in paragraphs 5-4 and 5-5. Excep-
tions are listed below:

(a) The EQ-I response spectrum is re-
duced by 30 percent (para 4-2d(3) (c)). The ef-
fect of this reduction is similar to that indicated
above for high-risk facilities (para 5-3c(1) (a)).

(b) The drift limits for EQ-I (0.007) and
EQ-II (0.015) are less severe (para 4-3e(7) and
44e(2)).

(c) The limits on inelastic demand ratios
are less severe (table 4-2).

5—4. Designing for EQ-I.

The structure will be designed to resist the forces
of EQ-I within the elastic range of the capacity
of the lateral-force-resisting system. An initial
trial design is developed in accordance with par-
agraph 5-3a. The initial design is then checked
for conformance to. the criteria by means of a
modal analysis for the EQ-I response spectrum.

a. Modal analysis procedure. Periods, mode
shapes, and participation factors are required,
in conjunction with the design response spec-
trum, to perform a dynamic analysis. The ac-
curacy of these factors and the degree of
sophistication required in the analysis is de-
pendent on the size and complexity of the build-
ing.

(1) Single-story building. Unless the
building is unusual or irregular in plan, the modal
analysis procedure essentially becomes equiva-
lent to a static design procedure.

(a) The period of vibration will generally
be in the range of 0.1 to 0.2 seconds, thus placing
it at the peak of the response spectrum for a
maximum value of S,. Note that the peak of the
response spectrum is assumed to extend back
to T = O for the fundamental mode as noted in
figure 54. In general, even a very rigid structure
with a short natural period of vibration will re-
spond at a slightly longer period due to soil-
structure interaction.

(b) For a single-story building, the base
shear participation factor will be equal to unity
(e.g., o = 1.0). Therefore, the base shear coef-
ficient will be equal to the spectral acceleration,
S.. '

(c) The total lateral force on the build-
ing, for each direction of motion, will be equal
to the spectral acceleration times the weight of
the building (V = S, x W) in accordance with
equation 4-4.

(2) Low-rise buildings up to about 5 sto-
ries. Unless the building is unusual or irreg-
ular in elevation or plan, the modal analysis can
generally be limited to the fundamental mode
of vibration. Although the use of a computer
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program will generally be more efficient and will
generally give more accurate results, the single-
mode analysis can be done by hand calculations.

(a) Estimate the fundamental period of
vibration (e.g., Basic Design Manual, equations
3-3A or 3-3B), assume a straightline mode shape
and calculate or estimate the story weight.

(b) Calculate the modal participation
factors PF, and o. Approximate the spectral ac-
celeration, S,, for the estimated period using the
EQ-I response spectrum.

(c) Calculate the story forces, F, (refer
to appendix E, design example E~1, for the pro-
cedure).

(d) Calculate the deflected shape of the
structure. This can be done by hand calculations
(though somewhat difficult and time-consum-
ing) or with the aid of a computer program.

(e) Use the calculated deflected shape as
a new estimate for the mode shape and repeat
paragraphs (b) and (c) above.

(f) If the story forces of paragraph (e)
compare favorably with the original values of
paragraph (c¢) (e.g., within about 10 percent),
assume the deflected shape of paragraph (d) to
be acceptable. If not, repeat paragraph (d) to
calculate the deflected shape for the revised story
forces.

(g) Calculate the period of vibration
using the Basic Design Manual equation 3-3. A
quicker method is by means of the following
equation, using the forces and displacements
calculated above:

T = 27w V3,Wn/Fpng (eq 5-2)

where 3, Wy, and F,, are the displacement, weight,
and force at the roof. This equation can be de-
rived from equations 4-3 and 4-5.

(h) If the period of vibration calculated
in paragraph (g) above is substantially differ-
ent than the value assumed in paragraph (a)
above, repeat paragraph (b) and adjust the forces
and displacements in proportion to the new value
for S..

(3) Moderate-rise buildings from 5 to about
15 stories. For buildings over 5 stories, some
of the effects of higher modes of vibration may
be significant. In lieu of a detailed analysis, the
dynamic characteristics can be approximated.
Table 5-2 shows the general modal relationships
for a fairly uniform 7-story reinforced concrete
frame building. For a 14-story building, a modal
analysis could be approximated as follows:

(a) Estimate the fundamental period of
vibration (e.g., Basic Design Manual, equations
3-3A or 3-3B).
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(b) Approximate periods for the second
through fifth modes of vibration using the ra-
tios shown in table 5-2 (e.g., second mode period
equals 0.327 time the fundamental mode pe-
riod).

(c) Approximate the mode shapes by
using the shapes shown in table 5-2 and inter-
polating for the taller structure (e.g., for the
second mode, assume 1.00 for the roof and 0.550
for the 13th story. Estimate the 14th story at
0.775).

(d) The participation factors can be taken
directly from table 5-2 or new values can be cal-
culated from the mode shape by using equations
4-1 and 4-2.

(e) Determine the spectral accelerations,
Sa, for each modal period from the response
spectrum.

(f) Calculate story forces for each of the
modes as shown in appendix E, design example
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E-1. The results for the 7-story building are
summarized in table 5-3 and are illustrated
graphically in figure 2-10.

(g) Calculate the deflected shape of the
building separately for each mode of vibration.
This will generally require the use of a com-
puter. Compare the deflected shapes to the mode
shapes approximated in paragraph (c), above.
(Note: some computer programs will perform
paragraphs (a) through (g), above, directly.) If
the shapes are similar, continue with the anal-
ysis. If there are significant differences in mode
shapes, a modification of paragraphs (d) through
(&), above, may be required.

~ (h) Calculate the periods of vibration
using the Basic Design Manual equation 3-3. An
alternate method is to use equations 4-3 and
4-5 and solve for T, for each mode at several
story levels as follows:

US Army Corps of Engineers
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Tm =2w Vv 8xm"vx/:[;‘xmg (eq 3)
Table 5-2. General modal relationships.
T 7
! Mode 1 3 b 5
!
! Period (seconds) 0.880 0.288 0.164 0.106 0.073
- e
' Ratio of Period to
| Ist Mode Period 1.000 | 0.327 0.186 0.121 0.083 |
] ; 1
. Participation Factor !
| -
| at Roof 1.31 f 0. 0.24 0.1 0.05
f 1
! Base Shear : !
Participation 0.828 i 0. 0.038 0.010 0.000 '
L l ——-—?
I
! Roof 1.000 1.000 1.000 1.000 1000 1
Mode 7 0.938 0.550 -0.059 -0.8%7 -1. 744 s
Shape 6 0.839 -0.056 -0.9L47 -1.08n G.l4aL i
at 5 0.703 -0.631 -0.971] 0.526 1.674
Story 4 0.535 -0.961 -0.034 1.259 -1.068
Levels 3 0.351 -0.933 0.883 -0.062 -1orza |
(normalized) 2 0.188 -0.625 0.990 -1.1%0 1.310 i
1 0 0 0 0 0 ;
i
%
L ) B
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Table 5-3. Seven-story building—transverse direction—summary of modal analysis.

Story Forces (kips) Shears (kips) oTM (k-ft)
Wt

Level |kips 1 2 3 SRSS 1 2 3 SRSS 1 2 3 SRSS

Roof | 1410] 508 [-330 | 170 | 629 508 : =330} 170 629 ] 0 0 0
7 1460] 49k |-188 | -10 | 529 | 1002 | -518} 160 | 1139 4420 | -2871. 1479 SL7L
6 1460 443 19 [-166 | 473 ] ubs | -499] -6 | 1520 13137 | -7378 2871 15338
5 1460] 371 | 216 {-163 | 459 | 18161 -283|-169 | 1846 ¢ 25709 {-11719 2819 28394
4 1460} 282 | 329 -6 | 433 | 2098 461-175 | 2106 ] 41508 |-14181 1349 43884
3 1460] 185 | 319 | 156 | koo | 2283 | 365| -19 | 2312 59761 |-13781 =174 61330
2 1830 125 | 267 | 219 | 367 | 2408 632| 200 | 2498 | 79623 {-10605 -333 80327
Groanﬁ 0 0 0 0 112131 | -2073 2361 | 112175

Story ~ Acceleration (g) Displacement (ft) tnterstory Drift (ft)
1 2 3 SRSS | | 2 3 |sRss} 1 2 3 | SrRSS | aa/hs

Roof .360 |-.234) 121} k46 ] .228 -.016 | .003 | .229 | .014 | .007 | .003 .016 | .0018
7 .338 |-.129{-.007{ .362] .24 |-,009 | .000 | .21k } .022 .010 | .003 .02k | .0028
6 .303 | Jo13f-.114] 324} .192 | .001 [-.003 | ,192 ] .031{ .009 | .000 | .032 .0037
5 L2654 | J1u8{-.112) .315}) 161 | ,010 |-.003 | .16i § .039| .005 | .003 | .039 .004L5
4 .193 | .225(-.004| .297] .122} .015| .000 | .123 ] .042} ,000 | .002 .042 [ 0048
3 .127 | .219] .107] .275] .080| .015] .002 | .0B1 ] .037] .005 | .001 | .037 | .OOL3
2 .088 Juel 1201 .201f .o43| 010} 003 | .okk } .043] .010 | .003 ] .04k | .0033 l

Ground 0 0 0 0 0 (4] 0

US Army Corps of Engineers

If the mode shapes are reasonably accurate, the (4) High-rise buildings. As buildings get
calculated value of T,, will be the same at each taller, the higher modes of vibration become more
story. significant, relative to the fundamental modes

(i) If the calculated periods of vibration (refer to para 2-5c¢ and figures 2-9 and 2-10 for
are substantially different than the values as- examples). These buildings generally require the
sumed in paragraphs (a) and (b), above, repeat use of computer programs that can calculate the
paragraph (e) and adjust the modal forces and dynamic characteristics (e.g., periods, mode
displacements in proportion to the new values shapes, and participation factors), as well as the
of S.. member stresses and story displacements.

(j) Compare the responses of the higher (5) Irregular buildings. Buildings that
modes of vibration to the actions of the fun- have vertical discontinuities, that are irregular
damental modes (e.g., refer to fig 2-10 and de- in plan, that have large horizontal eccentricities
sign example E-1). This includes story shears, (center of mass not coincident with center of
story accelerations (i.e., story force divided by rigidity), or have other irregularities will gen-
story weight), story overturning moments, and erally require the aid of computer programs to
interstory displacements. If all the higher mode determine the dynamic characteristics, member
responses are small relative to the fundamental stresses, and story displacements. When hori-
mode, they can generally be omitted from the zontal eccentricities exist, the analysis must be
analysis. If in no case the square-root-of-the- in three dimensions to account for the twisting
sum-of-the-squares (SRSS) of all the modes is deformations and the lateral deformations nor-
less than 10 percent greater than the funda- mal to the direction of the seismic forces. Refer
mental mode, it can be assumed that the higher to paragraph 5-4d, below, for use of three-di-
modes are negligible in the overall design. mensional computer programs.

5-14



27 February 1986

b. Mathematical modeling of structural com-
ponents. Theresults of alateral-force analysis
can be very sensitive to the assumptions made
for the stiffness of the structural elements when
constructing a mathematical model of the struc-
ture. As the stiffness is overestimated, the pe-
riod of vibration shortens and the displacements
reduce. However, a shorter period may possibly
attract higher forces. When the stiffness is
underestimated, periods lengthen, lateral dis-
placements increase, and lateral forces may be
reduced. When the relative rigidities of various
lateral-force-resisting elements are not accu-
rately utilized, there can be a great amount of
uncertainty in the torsional characteristics of
the structure. The effects of nonstructural ele-
ments, as well as structural elements not part
of the lateral-force-resistant system, can have a
significant effect on the response of the overall
structure to earthquake ground motion. There-
fore, it is important to account for possible in-
accuracies in the mathematical model. When
there are uncertainties, an attempt should be
made to envelope the possibilities to assure good
performance of the structure in case of an
earthquake. The stiffness characteristics may
vary with amplitude of lateral motion, thus the
model used for a code design level analysis may
vary from the model that represents the yield
level capacity or the ultimate post-yield capac-
ity. For an elastic analysis, the following factors
should be considered:

(1) Gross concrete section properties are
considered appropriate for modeling the stiff-
ness of reinforced concrete members.

(2) The effects of column widths and beam
depths on the rigidity of frames should be eval-
uated. This is particularly important for con-
crete frames or for steel frames with relatively
deep members and short spans or low story
heights.

(3)The effects of the floor slab system act-
ing compositely with the frame beams or gir-
ders. Although the composite action may have
an insignificant effect in resisting negative mo-
ments, it provides a significant contribution to
the effective beam moment of inertia for posi-
tive moments and increases the stiffness of the
beams acting as members of a rigid frame. In
most cases, the beams will be modeled as pris-
matic members and engineering judgement will
be required to determine an effective portion of
the floor system to be modeled compositely with
the beams. This composite action is used in the
model of calculate the dynamic characteristics,
but should be reevaluated for member design to
resist negative moments.
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(4)The effects of structural elements that
are not included in the lateral-force-resisting
system. This may include flat-slab and column
systems and structural steel frames with stand-
ard connections. The effects of these elements
on the stiffness of a building with shear walls
or braced frames may properly be ignored, but
they may have a significant effect on the stiff-
ness of a building with a moment frame lateral-
force-resisting system. In the latter case, the
moment frames will be designed to resist 100%
of the lateral forces, but the modeled stiffness
of the frames will be adjusted to reflect the ad-
ditional stiffness of the above elements, includ-
ing any torsional effects due to asymmetry in
the location of elements.

(5)The effects of relatively rigid nonstruc-
tural elements, such as masonary partitions, will
be evaluated. If the stiffness of these elements
is significant as compared to the stiffness of the
assumed lateral-force-resisting system, the ele-
ments will be designed and reinforced as shear
walls or will be isolated from the structural sys-
tem by means of expansion joints at the sides
and top of the element.

(6)Evaluate the effects of assumptions for
modeling shear walls of various cross-sections.
For example, the relative stiffnesses of an L-
shaped wall<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>